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Smart villages 



L ast month in New York, the world adopted the 
Sustainable Development Goals (SDGs), defin- 
ing the global development agenda for the next 
15 years. Among the 17 goals is Goal 7’s aim to 
ensure “access to affordable, reliable, sustain- 
able and modern energy for all.” Given that an 
estimated 1.3 billion people have no access to 
electricity and that 70% of the world’s poor live off- 
grid in the countryside, this 
is indeed ambitious. How 
do we ensure that these re- 
mote communities have ac- 
cess to energy? 

Energy is a catalyst for 
improving the quality of 
life. The value of a $5 so- 
lar lantern stretches well 
beyond simply providing 
light at night. It allows chil- 
dren to study after sunset, 
for instance, and therefore 
compete with peers who 
live in towns. Larger power 
systems provide commen- 
surately greater benefits, 
such as lighting for security, 
refrigeration for food and 
medicines, and the ability 
to set up enterprises that 
support the community. Fur- 
thermore, the availability of 
electricity opens up space for 
technological innovations, 
such as remote education or handheld medical devices 
that can transmit information hundreds of miles away. 

Access to sustainable energy is a necessary precur- 
sor to all the other SDGs and offers opportunities for 
synergy that integrated strategies might bring. One 
such strategy is the “smart village,” a rural analog of 
the “smart city” concept, in which access to sustain- 
able energy, together with modern information and 
communication technologies, enables holistic develop- 
ment, including cultural changes in the provision of 
good education and health care; access to clean water, 
sanitation, and nutrition; and the growth of social and 
industrial enterprises to boost incomes. This approach 
in Terrat, in the Maasai region of northern Tanzania, 
underlies a biodiesel-fueled generating plant that now 
supports schools, health centers, a radio station, and 
the sprouting of local enterprises. Indeed, access to 
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electricity helped a local dairy, whose prize-winning 
cheese has doubled the incomes of the Maasai women. 

The reality is that extending existing grids to re- 
mote areas is often prohibitively expensive. What are 
needed instead are local solutions, and governments 
must adopt policy and regulatory frameworks for these 
local answers. This has been the case for establishing 
solar home systems in Bangladesh and mini-grids in 
Rwanda. New frameworks 
must address several key 
issues with clarity: appro- 
priately targeted subsidies, 
tariffs that are commer- 
cially viable, and capital for 
entrepreneurs at affordable 
rates. A true game-changer 
would be enabling small- 
and medium-scale village- 
level energy projects to 
access large-scale interna- 
tional climate change funds. 

Important areas for fu- 
ture research and devel- 
opment include improved 
control systems that can 
balance the supply and 
demand of electricity 
throughout the day, and 
“plug-and-play” technolo- 
gies for installing and main- 
taining home-based power 
systems, which would mini- 
mize the need for scarce 
local skills. Energy storage also needs a dedicated in- 
ternational research program to develop affordable and 
efficient batteries. More sharing of information and 
experiences between countries could drive systematic 
analyses of the knowledge and local skills required to 
implement and maintain energy services. 

In the 15-year SDG marathon that lies ahead, some- 
thing more than the warm words and sentiments of 
Goal 7 must be done to cover the “last mile”: the mil- 
lions of people living in remote communities with no 
realistic chance of being connected to a grid. Smart vil- 
lages are not the only approach for the sustainable de- 
velopment of rural populations, but they are certainly 
a strategy that can improve the quality of life and give 
younger generations positive reasons to stay rather 
than migrate. 

- John Holmes, Bernie Jones, Brian Heap 




"... access to sustainable energy... 
enables holistic development...” 
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66 Please give Maddie one more day to complete her 
homework. We had some big family news and did not get 
to this. Her grandpa won the Nobel Prize in chemistry! 55 

Note sent to Maddie’s teacher this month; her grandfather is 
Swedish chemist Tomas Lindahl. 




Predator wannabe just another 1 rex 




AROUND THE WORLD 

Health research via iPhone 

CUPERTINO, CALIFORNIA | Apple’s 
open-source health research platform 
ResearchKit, launched in April, is expand- 
ing as it continues to garner interest from 
researchers; the platform added three new 
apps designed and managed by academic 
investigators, the company announced last 
week. ResearchKit is a software framework 
that lets researchers run large studies with 
data collected from participants’ iPhones. 
An initial five apps released in March 
focus on tracking conditions including 
asthma, Parkinson’s disease, and diabe- 
tes. Last week, three new studies came 
online: the EpiWatch app, developed by 
Johns Hopkins University, aims to track 
seizures using the accelerometer and heart 
rate sensor in the Apple Watch; Duke 
University’s Autism & Beyond app explores 
ways to detect developmental disorders 
with the iPhone’s front-facing camera; and 
a melanoma app from Oregon Health 
& Science University has users photograph 
their moles to enable new cancer 
detection algorithms. 



S ome scientists think that Tyrannosaurus rex , which roamed 
the western United States between 68 million and 66 million 
years ago, had a smaller cousin named Nanotyrannus. But a 
new study presented this week at the Society of Vertebrate 
Paleontology meeting in Dallas, Texas, supports the argu- 
ment that Nanotyrannus is simply a juvenile version of T. rex. 
Scientists have wrangled over Nanotyrannus for decades: A skull found 
in Montana was first described in 1946 as a member of the tyranno- 
saur family, but other researchers later concluded that it was a separate, 
smaller taxon based on the fusing of the bones in its skull. Years later, 
another paleontologist concluded that the skull bones weren’t fused 
and that it was a juvenile T. rex after all. A second skull and partial 
skeleton, found in 2002 in Montana, seemed to bolster this case. Now, 
the new study, based on a 3D computer reconstruction of the second 
skull and skeleton, counted microscopic “growth rings” in its calf bone 
and concluded that it was indeed a juvenile. Yet the debate isn’t quite 
over: Scientists in the Nanotyrannus camp argue that a third skeleton- 
found in 2006 but mired in controversy after its owners tried to auction 
it— would provide the best evidence for their case, http://scim.ag/nanotyranno 



EPA targets refrigerants 

Washington, d.c. | The U.S . 
Environmental Protection Agency (EPA) 
proposed rules last week that will tighten 
restrictions on hydrofluorocarbons (HFCs), 
a class of refrigerants that pack up to 
10,000 times the greenhouse warming 
power of C0 2 . The new rules for HFCs in 
air conditioners and refrigerators would 
cover the sales, handling, and recovery of 
the chemicals; if adopted, EPA estimates 
that the greenhouse gas reduction would 
be equivalent to the removal of 7 million 
tons of C0 2 emissions in 2025. These new 
steps should propel international talks 
next month in the United Arab Emirates 
that are aimed at limiting emissions of 
HFCs, says David Doniger of the Natural 
Resources Defense Council. Furthermore, 
he says, a “crucial contribution” to the 
global effort has been new data from 
the U.S. Department of Energy showing 
that replacement chemicals for HFCs can 
perform well in warm climates, which will 
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Pollen-covered honey bee eye wins Nikon photography prize 



I f honey bees were publicity hounds, this one might have stars 
in its eyes. But the winning entry in this year’s Nikon Small 
World photography competition has an eye full of pollen 
instead. Photographer and former beekeeper Ralph Grimm 
captured this extreme close-up after 4 hours of a pain- 
stakingly careful setup. Grimm, a high school fine arts teacher, 
says he hopes to call attention to the honey bees’ continued 
struggle to regain a stable population. Honey bees are a crucial 



facilitator in food diversity and stability— contributing more than 
$15 billion to crop value annually in the United States. But over 
the last decade or so, the bees have fallen victim to a number of 
problems like parasites, pesticides, and disease, causing their 
numbers to dwindle 30% each year since 2006. Grimm tells 
Nikon that his image, though beautiful, comes with a word of 
caution— we need to stay connected to our planet by listening to 
little creatures, like bees. 



help countries with hot climates upgrade 
their cooling systems. 

Elections cheer scientists 

Ottawa | Many Canadian scientists are 
celebrating the result of this week’s federal 
election, which saw Stephen Harper’s 
Conservative government defeated after 
nearly 10 years in power by the center- 
left Liberal Party under Justin Trudeau. 
Harper’s government was extremely 
unpopular with scientists, who accused 
it of ignoring evidence in policymaking, 
“muzzling” government scientists, and 
focusing too much funding on com- 
mercially driven applied research. The 
| Liberals have promised to reinstate a 
g chief science officer, embrace “evidence 
I based policy,” do more to address climate 
x change, protect endangered species, 

CL 

< and review the environmental impact of 
p major projects. Jim Woodgett, director 
l of research at the Lunenfeld-Tanenbaum 
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Research Institute at Mount Sinai Hospital 
in Toronto, says the government must 
also address a neglect of basic research 
funding. “We are at serious risk of a lost 
generation of scientists,” he says. “It’s 
critical that younger researchers are given 
a clear indication that Canada is open to 
their ideas and needs.” 
http://scim.ag/_2015Canada 

NIH funds chimp brain resource 

Washington, d.c. | Researchers at 
the George Washington University are 
developing the first national chimpanzee 
brain repository with the aid of a $1 mil- 
lion National Institutes of Health (NIH) 
grant awarded last month. The university 
has a collection of more than 650 mam- 
malian brains, including 60 species of 
primates. The grant, to be spread across 
4 years, would provide funding to 
make the brains more accessible to 
other researchers, through open data 



sharing and coordinated projects with 
other primate centers. The team, led by 
anthropologist Chester Sherwood, is plan- 
ning to first launch an online portal this 
year that would offer data on MRI scans 
and tissue samples and allow other scien- 
tists to request samples and data. Plans 
for the site also include a chimp brain 
atlas and gene expression map. NIH began 
retiring many of its chimpanzees used in 
research in 2013. 



FINDINGS 

Parts of Ebola virus hide in semen 

Researchers have known since 1999 that 
traces of the Ebola virus could remain 
in semen for months; but two papers 
published in The New England Journal of 
Medicine last week offer details about the 
frightening possibility that survivors of an 
Ebola infection could rekindle outbreaks. 
In one study of 93 survivors in Sierra 
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An early glimpse into a tiny world 

S ome things can never be unseen: the microscopic mandibles of a fruit fly; the leggy limbs 
of a hairy flea (shown). Three hundred and fifty years ago, scientist and amateur artist 
Robert Hooke’s exquisite illustrations of tiny things showed people for the first time what 
the parasites that plagued them looked like. In his 1665 book Micrographia — the first 
major work of illustrated observations made through a microscope— Hooke chronicled 
dozens of parasites, plants, and other microscopic wonders. The Royal Society celebrated the 
book’s anniversary this week with a microscopy drawing event and an exhibition in London. 
Robert Hooke made profound contributions to timekeeping, astronomy, physics, and micro- 
scopy— and coined the word “cell.” In Micrographia, he also argued, controversially, that fossils 
were the mineralized remains of ancient living organisms. 



76 % 



Fraction of U.S. respondents with no 
formal religious affiliation who think 
science and religion are often in 
conflict: only 16% of respondents with 
no formal religious affiliation think 
their own beliefs conflict with science 
(Pew Research Center survey). 



BY THE NUMBERS 

6 . 9 - 8.5 

Average number of hours of sleep 
per day among hunter-gatherers 
in three preindustrial societies 
( Current Biology). 

70 % 

Fraction of U.S. citizens who believe 
in climate science— an increase 
of 7% in the last 6 months 
(Poll by University of Michigan and 
Muhlenberg College). 



Leone, researchers found Ebola viral RNA 
in semen samples from 46 men; the likeli- 
hood of finding viral RNA declined over 
time. But there isn’t enough information 
yet to assess how that translates to risk of 
transmission, the authors noted. However, 
the second paper documents a clear case 
of sexual transmission of Ebola virus: A 



44-year-old Liberian woman was diag- 
nosed with Ebola on 20 March, although 
there had been no cases of Ebola in the 
country in the previous 30 days. However, 
she reported having unprotected vaginal 
intercourse with an Ebola survivor on 
7 March. The man had contracted Ebola 
in September 2014 and tested negative in 



early October; but a semen sample taken 
in March 2015 tested positive for Ebola. 
http://scim.ag/Ebolasemen 

Specks of oldest life? 

Scientists have found potential evidence 
that life on Earth existed 300 million 
years earlier than previously thought. 
Researchers examined microscopic flecks 
of graphite in a 4.1-billion-year-old zircon 
crystal from the Jack Hills in Western 
Australia. Based on the ratio of light and 
heavy isotopes of carbon, the authors 
suggest the material is consistent with a 
biological origin, they report this week in 
the Proceedings of the National Academy 
of Sciences. If confirmed, the results would 
demonstrate that life evolved shortly after 
the formation of the planet 4.5 billion 
years ago. The authors acknowledge that 
nonbiological processes could also explain 
their results, but hope to find more graph- 
ite inclusions in other ancient zircons to 
help confirm their hypothesis. 
http://scim.ag/Zirconlife 

sciencemag.org SCIENCE 



In some Ebola survivors, the virus (shown) is detectable in semen up to 9 months after infection. 
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Researchers assemble the Majorana Demonstrator, which they hope will be a precursor to a larger experiment to search for a new type of nuclear decay. 



NUCLEAR PHYSICS 

U.S. targets matter-antimatter frontier 

Search for rare nuclear decay would test whether the neutrino is its own antiparticle 



By Adrian Cho 

T he neutrino is the hottest particle in 
physics. Two weeks ago, two physi- 
cists won the Nobel Prize for showing 
that the ghostly particle is not, as once 
thought, massless {Science, 9 October, 
p. 145). And last week nuclear physi- 
cists in the United States urged government 
funders to swiftly launch a new experiment 
to test whether the neutrino is— weirdly— its 
own antiparticle. If it is, the discovery would 
rewrite textbooks in both nuclear and par- 
ticle physics. 

First, though, the U.S. Department of 
Energy (DOE) must come up with roughly 
$250 million to build a massive detector 
m deep underground. It would search for a 
x new type of nuclear decay, called neutrino- 
I less double (3 decay, which can occur only if 
| the neutrino and antineutrino are one. The 
| United States will have to hustle to beat 
§ other nations to the potential prize, say 
I physicists, who hope to start building the 
□ experiment in 2018. “The neutrinoless dou- 
| ble (3 decay arena is very competitive,” says 
< Robert McKeown, a physicist at Thomas 
p Jefferson National Accelerator Facility (Jef- 
l ferson Lab) in Newport News, Virginia. “If 
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the U.S. wants to lead, we can’t wait.” 

The call for the decay experiment is just 
one part of a new long-range plan that physi- 
cists presented to DOE’s Nuclear Science 
Advisory Committee (NSAC) on 15 October 
in Washington, D.C. The road map is meant 
to help set priorities for DOE’s nuclear phys- 
ics program, which has a 2015 budget of 
$596 million, and for a smaller program at 
the National Science Foundation. The plan 



“The ... arena is very 
competitive. If the U.S. wants 
to lead, we can’t wait.” 

Robert McKeown, Thomas Jefferson National 
Accelerator Facility 

mainly calls for continuing current projects; 
the exotic decay experiment would be the 
one large near-term initiative. 

Neutrinoless double (3 decay would be 
a strange cousin of common (3 decay, in 
which a neutron in a radioactive nucleus 
changes into a proton by ejecting an electron 
and an antineutrino. Some nuclei, such as 
selenium-82, can exhibit double (3 decay, si- 



multaneously spitting out two electrons and 
two antineutrinos. But in neutrinoless dou- 
ble (3 decay, only the electrons would emerge. 
For that to happen, the neutrino would have 
to be its own antiparticle, as the antineutrino 
emitted with one electron would instantly be 
reabsorbed as a neutrino to trigger emission 
of the second electron. 

Being its own antiparticle would make the 
neutrino unique among the building blocks 
of matter (although force-carrying particles 
like the photon and gluon are their own anti- 
particles). It would also mean that the neu- 
trino acquires its mass differently from other 
particles, which gain weight by the so-called 
Higgs mechanism {Science, 14 September 

2012, p. 1286). 

Spotting the rare decay won’t be easy. 
It can occur only in certain nuclei— such 
as germanium-76, tellurium-130, and 
xenon-136— so physicists must watch highly 
enriched samples of such isotopes for long 
periods, waiting to see the decay. They also 
must work far underground, where back- 
ground radiation is low and won’t interfere 
with observations. 

Smaller experiments are already under- 
way around the world. Scientists at the 1480- 
meter-deep Sanford Underground Research 
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Facility in Lead, South Dakota, are working 
on a prototype detector known as the Ma- 
jorana Demonstrator; their counterparts 
at Italy’s 1400-meter-deep Gran Sasso Na- 
tional Laboratory are developing one called 
CUORE. But these prototypes use relatively 
small amounts of the key nuclei; physicists 
think they will need a detector containing 
a tonne to have a good chance of spotting 
the decay 

Last week’s recommendation could accel- 
erate development of a bigger experiment. 
“It’s certainly putting it in a different cate- 
gory of probability than it has been in,” says 
Timothy Hallman, DOE’s associate director 
for nuclear physics. 

In the meantime, the new plan’s top rec- 
ommendation is for U.S. nuclear physicists 
to fully exploit the three major facilities they 
already have. Jefferson Lab is completing 
a $338 million upgrade to its Continuous 
Electron Beam Accelerator Facility, which 
scientists use to probe the innards of pro- 
tons and neutrons. Physicists at Michigan 
State University in East Lansing are build- 
ing the $730 million Facility for Rare Isotope 
Beams, which starting in 2022 will generate 
and study exotic nuclei. And since 2000, 
researchers at Brookhaven National Labo- 
ratory in Upton, New York, have used their 
Relativistic Heavy Ion Collider (RHIC) to 
smash heavy nuclei and create a plasma of 
the quarks and gluons that make up their 
protons and neutrons— like the one that 
filled the infant universe. 

Just 2 years ago, it seemed unlikely that 
DOE could afford to run all three facilities, 
and researchers decided to sacrifice RHIC 
if they had to {Science, 1 February 2013, 
p. 498). But DOE’s nuclear physics budget re- 
bounded, and the report says it now should 
be possible to run all of them. “We want 
to run RHIC for another 5 to 7 years,” says 
NSAC chair Donald Geesaman of Argonne 
National Laboratory in Lemont, Illinois. 

The report also recommends the United 
States build a new collider to probe the pro- 
ton and neutron far more deeply by smashing 
electrons into protons or heavier nuclei. But 
that billion-dollar electron-ion collider could 
not be completed until the late 2020s, the re- 
port says. “I think it’s defining the goal,” says 
Patricia Dehmer, acting director of DOE’s 
$5.1 billion Office of Science. 

To afford the whole plan, the report es- 
timates that DOE’s nuclear physics budget 
must increase annually by 1.6% above infla- 
tion over the next 10 years, or between 3.5% 
and 4% in absolute terms. That may be a 
tall order, Dehmer cautioned— although she 
noted that the budget has grown at that pace 
in recent years. If the budget just inches up 
with inflation, the report notes, the new col- 
lider will have to wait even longer. ■ 
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Q&A 

Shining a light on sexual 
harassment in astronomy 

Astronomer Joan Schmelz talks about what needs to 
change in the wake of the Marcy case 



By Daniel Clery 

T he field of astronomy has been reel- 
ing since one of its most prominent 
members, exoplanet pioneer Geoff 
Marcy, was found guilty of sexually 
harassing female students at the Uni- 
versity of California, Berkeley, over a 
decade. The university did 
not publish the results of 
its 6-month investigation, 
triggered by complaints 
from four former students, 
and it simply admonished 
Marcy to change his behav- 
ior. But a 9 October article 
in the online publication 
BuzzFeed and pressure 
from Berkeley students 
and faculty as well as the 
wider astronomy com- 
munity persuaded Marcy 
to resign from his Berke- 
ley professorship and 
other positions. 

Astronomer Joan Schmelz, chair of the 
American Astronomical Society’s (AAS’s) 
Committee on the Status of Women in As- 
tronomy for 6 years until she finished her 
second term in August, played a key role 
in identifying victims of Marcy’s activi- 
ties and letting them know they were not 
alone. Science spoke with her this week. 
Her comments have been edited for clarity 
and brevity. 

Q: You and others started looking into Marcy 
after complaints about his behavior at the 
2010 AAS meeting. What did you find out? 

A: We found out that there were many 
other targets of Marcy. That he used simi- 
lar techniques to approach them, to be- 
friend them, to get close to them, all with 
the idea that he was mentoring them, that 
women in astronomy was an important 
topic for him. [Marcy has not responded 
to Science's request for comment.] 

I started hearing from women who 
couldn’t figure out what to do at their 
own universities and more than one of 
these women were contacting me about 
Marcy. My goal was always to help them 



to do what was right for them. And in 
many cases that was not filing a Title IX 
complaint. [Title IX is the federal law cov- 
ering sexual discrimination in publicly 
funded organizations.] 

I reached out to some friends and col- 
leagues of mine who were or had been at 
Berkeley, and we started to identify some 
women who were targeted 
by Marcy. In almost every 
case, they thought their 
interaction with Marcy 
was the only one; they did 
not know about the other 
women involved. So I think 
it was, at least for these four 
complainants, really the 
fact that there were other 
women and there was this 
long pattern of behavior go- 
ing back many years that 
convinced them they should 
file with the Title IX office. 

Q: Marcy’s behavior 
has been called an “open secret” in the 
community. Why has it taken so long to 
come to light? 

A: Part of the problem is the way we han- 
dle all of this in terms of Title IX: All of 
the burden is put on the shoulders of the 
young women who were targeted. There 
is not a real avenue for, say, senior men 
who knew the secret or who knew about 
the behavior to intervene in any sort of 
sanctioned way. That is one of the things 
we should see if we can change. 

It is not very common in academia that 
young women will come forward [with Ti- 
tle IX complaints] because they correctly 
fear retribution. They are in the most vul- 
nerable phases of their career. They are 
relying on their advisers for letters of rec- 
ommendation to get into graduate school, n 
to get their first job. It is very much like | 
the old medieval master-apprentice sys- | 
tern, where you are completely reliant on o 
these letters. That’s a system that’s worked ° 
in academia for hundreds of years, and I | 
don’t know how we’re going to change § 
that. But it is a system that can breed this | 
sort of unprofessional behavior. £ 




Joan Schmelz says too much burden 
is put on the shoulders of women. 
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Q: Will this case encourage other victims 
to come forward? 

A: I’m not aware of anyone filing a Title 
IX complaint. I know I’ve received emails 
from people wanting advice, and those are 
all ongoing. 

Marcy is not the only sexual harasser in 
astronomy. In this particular case, there 
were a number of victims who could be 
identified and therefore they could talk to 
each other and get support from each other. 
That’s not necessarily as easy to do in some 
of the other cases. Even in the Marcy case it 
was incredibly difficult. It took many years 
to get to this point. 

Q: Institutions have a conflict of interest 
in disciplining their own faculty. Is there 
another way complaints can be handled? 

A: One of the problems with the current 
system is that one individual complaint 
feels very much like a he-said/she-said. 

The he in this situation is almost always a 
professor, and the she is always a student 
or postdoc. As he has a lot more power 
than she, that means that she doesn’t 
come forward. But there’s no way to ac- 
count for many shes. There’s no office that 
will keep a confidential complaint on file 
until, for example, they get a second confi- 
dential complaint from another person. 

That’s one of the things I’d like to see go- 
ing forward. The Committee on the Status 
of Women in Astronomy had been acting 
like that, and I had been acting like that 
in a very informal way. That’s not the best 
way to do it or the right way to do it, but 
right now it’s the only way to do it. 



Some campuses are much better than 
others at having offices where women can 
go and speak confidentially about this, 
before they would ever go to the Title IX 
office and file an official complaint. Some 
campuses are also better at making stu- 
dents aware of their options and resources. 
It seems that the Berkeley campus was not 
very good at that. 

Q: Is there anything about 
astronomy that makes harassment 
a particular problem? 

A: I don’t think astronomy is any better or 
any worse than any other academic field 
that is male-dominated. I think that for 
a number of years we have been shining 
a light on this problem, and it’s harder 
for the problem to hide in the shadows if 
you’re shining a light on it. 

Q: Will the field’s collective action over this 
case have a galvanizing effect to tackle the 
issue of harassment? 

A: I hope we all find a way to use this inci- 
dent to build momentum toward changing 
the situation. We just have to move away 
from the status quo. Almost every sexual 
harassment survivor that I have talked 
to has always said to me, “I want the 
problem to stop.” It’s not that they’re look- 
ing for revenge or punishment; they just 
want the problem to stop. They want to 
be treated like everybody else and do their 
science. If anything positive can come out 
of this, I hope it is awareness that we can 
all work together to make our community 
a safer place for everyone. ■ 



NEUROSCIENCE 

Second bid 
for brain 
observatory 

Workshop explores facilities 
to give neuroscience access 
to high-tech tools 

By Emily Underwood 

B obby Kasthuri appreciates the value 
of high-tech tools for studying the 
brain. While working on a master’s 
degree at Harvard University, he had 
access to one of the country’s most 
powerful electron microscopes, able 
to image individual synapses in slices of 
mouse brain. Now, he is at Argonne Na- 
tional Laboratory (ANL) in Lemont, Illinois, 
which has its own cutting-edge electron mi- 
croscope, plus an accelerator 1.6 kilometers 
around that can perform x-ray microscopy 
on brain tissue. 

Kasthuri, who is continuing to image 
nanoscale connections in mouse and hu- 
man brains, wants others to share his good 
fortune. Last Friday at ANL, prior to the 
Society for Neuroscience meeting in nearby 
Chicago, he and colleagues hosted nearly 
100 researchers and government officials to 
discuss a bold proposal: the creation of a Na- 
tional Brain Observatory, a network of neu- 
rotechnology centers tied to the Department 
of Energy’s (DOE’s) National Laboratories. 

The call to equip neuroscientists with 
the type of big, expensive facilities his- 
torically built for physicists and astro- 
nomers dates from 3 years ago, when 
Rafael Yuste of Columbia University and 
five other neuroscientists drafted the 
proposal for what would ultimately be- 
come President Obama’s Brain Research 
through Advancing Innovative Neuro- 
technologies (BRAIN) Initiative. They ar- 
gued that mapping the intricacies of the 
brain and managing the resulting data re- 
quires “big science” investments similar to 
national telescopes and particle accelera- 
tors. But the first round of federal BRAIN 
funding— roughly $100 million— went al- 
most exclusively for technology develop- 
ment by individual labs, a “tepid” response, 
Yuste says. Last week, he and the same five 
colleagues made their case again in the 
journal Neuron and at the ANL workshop. 
“Something has been left out from the orig- 
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inal vision, and that is why we are making 
all this noise,” Yuste says. 

At the meeting, attendees discussed four 
broad goals: expanding access to large-scale 
electron microscopes; providing fabrication 
facilities for new, nanosized electrode sys- 
tems that can monitor thousands of neu- 
rons at once; developing new optical and 
magnetic resonance technologies for map- 
ping brain activity; and finding new ways to 
analyze and store the staggering amount of 
data that detailed brain studies can produce. 
Participants differed, however, about just 
how much federal support they will need. 
Fabricating nanoelectrodes, for example, 
will require the same types of costly found- 
ries that build semiconductor chips, says 
Michael Roukes, a physicist at the California 
Institute of Technology in Pasadena. But for 
data storage and analysis, distributed net- 
works of programmers who create and share 
code might ultimately be more effective than 
government-run facilities, says neuro- 
scientist Jeremy Freeman of Janelia Re- 
search Campus in Ashburn, Virginia. 

Either way, building support for the initia- 
tive among neuroscientists and at funding 
agencies will require “an extraordinary sci- 
entific mission, something where you sit up 
and say we have to do this,” says Clay Reid, 
a neuroscientist at the Allen Institute for 
Brain Science in Seattle, Washington. One 
such mission— creating a map of roughly 
half of the human brain’s 100,000 km of 
axons, the threadlike extensions that proj- 
ect from neurons— generated widespread 
enthusiasm at the meeting. Created by im- 
aging micron-thick slices of a postmortem 
human brain, the map would not show 
synapses for the entire brain, but would 
reveal every neuron, axon, and potentially 
hard-to-distinguish glial cell, Kasthuri says. 
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It would “push the envelope” of current op- 
tical imaging and data analysis, and create a 
core of trained staff that could support later 
projects, said David Kleinfeld, a neuroscien- 
tist and physicist at the University of Cali- 
fornia, San Diego. It would also be the first 
complete map of the human brain’s neural 
pathways, which would be useful for physi- 
cians and surgeons and help “ground truth” 
techniques such as functional magnetic 
resonance imaging, which lack anatomical 
detail, says Jeffrey Lichtman, a neuroscien- 
tist at Harvard University. 

Still murky is how a National Brain Ob- 
servatory would be organized and how 
much it would cost. It could harness exist- 
ing electron microscopes and x-ray sources 
at DOE and university facilities, but Yuste 
says that even so, the initiative would re- 
quire at least $50 million per year, on top of 
existing BRAIN funding. And any effort will 
have to serve DOE’s mission of advancing 
basic physical and computational science, 
notes Brad Aimone, a computational neuro- 
scientist at Sandia National Laboratories in 
Albuquerque, New Mexico. 

Long-time neuroscience supporter Repre- 
sentative Chaka Fattah (D-PA), who helped 
secure $3 million in National Science Foun- 
dation (NSF) funding for developing the Na- 
tional Brain Observatory project this year, 
attended the workshop and told attendees 
that the idea has bipartisan support. And 
DOE seems on board. ANL Director Pe- 
ter Littlewood has asked NSF for roughly 
$1 million annually for 5 years to develop the 
concept through collaborations between the 
lab and the University of Chicago in Illinois. 
Now, it’s up to the neuroscience community, 
Congress, and the White House to determine 
whether the National Brain Observatory be- 
comes more than a lofty vision. ■ 



CELL BIOLOGY 

Protein ‘ drops’ 
may seed brain 
disease 

Cellular droplets promote 
vital biochemistry— but may 
dangerously solidify 

By Ken Garber 

O ne day last year, a graduate student 
brought molecular geneticist Paul 
Taylor an ice bucket holding a test 
tube that contained a white solution. 
When she lifted the tube from the 
bucket, the solution became clear— 
and it went white again when she put it 
back in. Taylor was baffled at first, because 
the tube held a dissolved protein, and pro- 
teins are normally clear in solution. So he 
examined the white version under a mi- 
croscope. The protein had apparently “de- 
mixed” out of water, forming tiny droplets 
in a process analogous to the separation of 
vinaigrette into oil and vinegar. What made 
the observation especially interesting was 
the identity of the protein: It was the nor- 
mal product of a gene that, when mutated, 
Taylor’s team had found to cause amyo- 
trophic lateral sclerosis (ALS), or Lou 
Gehrig’s disease. 

Taylor is not the only biologist capti- 
vated by these liquid transformations. 
Over the past year, several other groups 
have independently seen protein droplets 
form in test tubes and in cells, and four 
papers on the unusual phenomenon have 
just been published in Cell and Molecular 
Cell. Already, investigators are proposing 
that droplet formation is a key part of the 
machinery regulating gene expression in 
cells. When the process goes awry, they 
suggest, it can lead to the solid protein ag- 
gregates that are a hallmark of ALS and 
other neurodegenerative diseases. 

“Together the papers are a tour de force | 
and really a very large advance,” says | 
James Shorter, a cell biologist at the Uni- g 
versity of Pennsylvania. g 

Steve McKnight, a biochemist at the =j 
University of Texas Southwestern Medi- 1 
cal Center (UTSW) in Dallas, agrees that | 
the field is on the cusp of something pro- | 
found. “We are seeing the first glimpses | 
of ... a whole new understanding of how g 
cells are organized.” S 
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An Argonne National Laboratory physicist works on a prototype high-resolution microscope, the type of tool 
neuroscientists would have access to at a National Brain Observatory. 
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Mutant proteins linked to some cases of amyotrophic lateral sclerosis transition from normal liquid droplets to 
various structures (bottom, left to right, and top), which may lead to aggregates that cause disease. 



The new work addresses a biological 
puzzle. Gene expression, and thus most 
of biology, depends on two large families 
of proteins: transcription factors, which 
turn on genes, and RNA-binding proteins 
(RBPs), which transport RNA to the correct 
parts of the cell so that they’re in the right 
place at the right time to be translated 
into proteins. “The crown jewels of bio- 
logy,” McKnight calls these families. Oddly, 
many of these proteins have tails that re- 
semble the self-propagating infectious par- 
ticles called prions, which cause mad cow 
disease and, in humans, Creutzfeldt-Jakob 
disease. But why? “It’s been an enigma,” 
McKnight says. 

The new papers provide an answer, at 
least for RBPs: The prionlike domains 



drive the assembly of RBPs into the drop- 
lets that fascinated Taylor. These droplets, 
he and others hypothesize, serve to protect 
and concentrate the proteins and their at- 
tached RNAs, keeping them from dispers- 
ing into the cell fluid and ferrying them 
intact to their proper cellular destinations. 

Such structures, speculates Tony 
Hyman, a cell biologist at the Max Planck 
Institute of Molecular Cell Biology and Ge- 
netics in Dresden, Germany, and co-author 
of one of the new papers, may have played 
a key role in the emergence of life more 
than 3 billion years ago by protecting its 
chemical reactions from a hostile environ- 
ment, before cell membranes came about. 
“As soon as organized molecules would 
have formed in a primitive soup they 



would have started to phase separate to 
form reaction centers,” he says. 

But the proteins’ ability to assemble into 
droplets has a potentially dangerous flip 
side— they can then solidify in a manner 
that causes disease. In the 27 August and 
24 September issues of Cell, Hyman’s and 
Taylor’s groups reported that given enough 
time and under the right conditions, RBP 
droplets can become fibrous structures re- 
sembling those that aggregate in the brain 
cells of people with ALS and Alzheimer’s 
disease. The teams also found that ab- 
normal RBPs, encoded by mutant genes 
known to cause ALS, are quicker to ag- 
gregate. “This work is important because 
it provides a novel mechanism for forma- 
tion of pathological aggregates,” says Ben 
Wolozin, an Alzheimer’s disease researcher 
at Boston University. 

However, the aggregation has been 
seen only in purified RBPs in solution, 
not in living cells. “We’ve tried very hard,” 
Hyman says. “In vivo they don’t convert 
from liquid to solid.” He suspects that 
the molecular machinery that eliminates 
aberrant proteins normally prevents ag- 
gregation, and that dangerous aggregates 
appear when quality control mechanisms 
are weakened by aging or disease. 

The study of protein droplets has be- 
come a lively subfield. In the 15 October is- 
sue of Molecular Cell, a UTSW-University 
of Colorado, Boulder, collaboration pro- 
vides independent confirmation that the 
droplets assemble from prionlike protein 
tails. And in the same issue, a Brown Uni- 
versity team used nuclear magnetic reso- 
nance to show that RBPs and RNAs are 
not so much enclosed by the droplet, but 
rather the RBPs interact with each other’s 
prionlike tails to assemble it. 

Just how the prionlike domains initially 
drive droplet formation remains a mystery. 
Taylor thinks that weak bonding between 
the domains is enough to make it hap- 
pen. McKnight’s lab 3 years ago was the 
first to suggest a role for these prionlike 
domains. In his hands, instead of droplets, 
they formed protein fibers, with similari- 
ties to disease aggregates but looser. He 
doesn’t dispute the droplet work: “They’re 
finding neat things, cool things, and if 
there’s a controversy it’ll be sorted out in 
short order.” 

Drug companies are already paying close 
attention, because understanding how the 
droplets solidify in disease could lead to 
new ways to treat neurodegeneration. “I 
have been swamped with requests to teach 
pharmaceutical companies how to tar- 
get this process,” Taylor says. “This is the 
biggest thing to happen in cell biology in 
my career.” ■ 
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REGULATORY SCIENCE 

Europe’s food watchdog 
embraces transparency 

Industry uneasy at European Food Safety Authority pledge 
to make data underlying its decisions public 



By Tania Rabesandratana, in Milan, Italy 

E urope’s transparency advocates are 
hoping for a new victory in the battle 
for the public’s right to scrutinize the 
data behind regulatory decisions. Last 
year, the European Medicines Agency 
(EMA) in London changed its rules to 
make public the massive amounts of clinical 
trial data that it receives as part of marketing 
applications. The move will allow anyone to 
see the evidence underpinning EMA’s deci- 
sions to allow (or reject) medicinal products 
on the European market. 

Now, a sister agency 
in Parma, Italy, says it 
will follow EMA’s exam- 
ple. The European Food 
Safety Authority (EFSA) 
plans to make public 
the data it uses to assess 
whether products such 
as pesticides, food ad- 
ditives, and genetically 
modified (GM) crops are 
safe to use, eat, or grow. 

“We want to make our 
data as open as possible 
and make it reusable,” 

EFSA Executive Director 
Bernhard Url pledged on 
14 October at the open- 
ing session of EFSA’s 
second scientific confer- 
ence here. Industry, how- 
ever, worries that the openness— which will 
extend to detailed industry reports— could 
threaten trade secrets, and some say it could 
stir unwarranted concerns. 

EFSA itself cannot decide whether a prod- 
uct should be sold in the European Union, 
but it produces “opinions,” written by panels 
of scientists, that form the basis of such de- 
cisions by the European Commission. EFSA 
opinions rely partly on company-sponsored 
studies that sometimes aren’t published; 
even when they are, the raw data usually are 
not, making it harder for watchdogs to ex- 
amine and critique a study. 

Groups like the Corporate Europe Ob- 
servatory, which seeks to expose undue in- 
dustry lobbying, and the Pesticide Action 
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Network Europe (PAN Europe) have pres- 
sured EFSA to publish the content of all ap- 
plications submitted by manufacturers, in 
a usable format, just as EMA is preparing 
to do. (Pesticides and GM foods are among 
their targets.) “There is no reason for EFSA 
not to follow EMA’s footsteps,” says Martin 
Dermine, honey bee project coordinator at 
PAN Europe. 

EFSA will begin doing so next year, shar- 
ing data submitted by E.U. member states— a 
“treasure trove” that includes information 
on antimicrobial resistance, food consump- 



tion, and pesticide residues, Url tells Science. 
But it will take several years before EFSA 
starts sharing company data filed as part of 
the product risk assessments. 

Dermine is unhappy about the slow pace. 
The data and studies that EFSA deals with 
are easier to share than clinical trials, he says, 
because they usually don’t include sensitive 
patient information. Dermine is concerned 
that EFSA’s pledges to make openness “intel- 
ligent” or “useful” may mean that there will 
be limits to what will be released. 

EFSA’s scientific adviser Hubert Deluyker 
acknowledges that his agency is facing re- 
sistance from industry. Companies say com- 
petitors might run with their trade secrets. 
Another worry is that consumers or activists 



could zoom in on scientific details that may 
seem scary but are of little importance. “In- 
dustry needs to know in advance whether, 
how, and when data submitted to public au- 
thorities will be disclosed to third parties,” 
says a spokesperson for EuropaBio, a lobby 
group for the biotech industry. Although 
EuropaBio supports the drive toward open- 
ness, the spokesperson says, EFSA should 
first focus on better explaining its work to 
the public, and “on better protecting infor- 
mation provided by applicants from misuse.” 
EMA’s experiences so far suggest that in- 
dustry will adapt. Some drug companies 
are still dragging their feet, EMA’s Senior 
Medical Officer Hans- Georg Eichler told last 
week’s meeting, but most executives have 
now “understood that the train has left the 
station.” EMA moved from “acrimonious” 
discussions with companies that refused 
to share clinical trial reports in the name 
of commercial confidentiality to discussing 
which elements in these reports can be con- 
fidential. “It started as a nasty story but may 
have a very happy end,” Eichler says. “All the 
research enterprise will 
become more efficient if 
[researchers] can learn 
from the mistakes their 
predecessors have made.” 
Jean-Louis Bresson, 
a nutrition researcher 
at Paris Descartes Uni- 
versity, says there is a 
risk that releasing raw 
data will cause mis- 
understandings, health 
scares, and rumors— but 
EFSA “cannot not do 
it.” Bresson, who sits on 
EFSA’s Dietetic Products, 
Nutrition and Allergies 
panel, says patients and 
consumers have “the 
right to know.” 

But transparency 
alone is not enough to 
improve regulation, says Axel Decourtye, an 
ecotoxicologist at France’s National Insti- 
tute for Agricultural Research whose stud- 
ies on the effects of neonicotinoid pesticides 
on honey bees contributed to a partial ban 
on three such compounds in the European 
Union {Science, 20 April 2012, p. 348). EFSA 
also needs to collect the right data, he says. 
Neonicotinoids were approved based partly 
on studies that looked at the effect of a sin- 
gle pesticide dose on adult bees, Decourtye 
says; the studies should also have included 
information about chronic effects at low 
doses and effects on larvae. “Transparency 
is all very well,” Decourtye says, “but we 
need to make sure that the data is relevant 
in the first place.” ■ 
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Food samples are tested for horse meat at a lab in Germany. The European Food Safety Authority 
plans to begin sharing data submitted by E.U. countries next year. 



Published by AAAS 



PHOTO: © JOCHEN LUBKE/DPA/CORBIS 





TWISTED LOGIC 

Germany completes the epic construction of the reactor designed in hell. 
Its tortuous shape may point the way forward for fusion 

By Daniel Clery in Greifswald, Germany 



I f you’ve heard of fusion energy, you’ve 
probably heard of tokamaks. These 
doughnut-shaped devices are meant 
to cage ionized gases called plasmas 
in magnetic fields while heating them 
to the outlandish temperatures needed 
for hydrogen nuclei to fuse. Tokamaks 
are the workhorses of fusion— solid, 
symmetrical, and relatively straight- 
forward to engineer— but progress with 
them has been plodding. 

Now, tokamaks’ rebellious cousin is step- 
ping out of the shadows. In a gleaming 
research lab in Germany’s northeastern 
corner, researchers are preparing to switch 
on a fusion device called a stellarator, the 
largest ever built. The €1 billion machine, 
known as Wendelstein 7-X (W7-X), appears 
now as a 16-meter-wide ring of gleaming 
metal bristling with devices of all shapes 



and sizes, innumerable cables trailing off 
to unknown destinations, and technicians 
tinkering with it here and there. It looks 
a bit like Han Solo’s Millennium Falcon, 
towed in for repairs after a run-in with the 
Imperial fleet. Inside are 50 6-tonne mag- 
net coils, strangely twisted as if 
trampled by an angry giant. 

Although stellarators are simi- 
lar in principle to tokamaks, they 
have long been dark horses in fu- 
sion energy research because to- 
kamaks are better at keeping gas 
trapped and holding on to the heat needed 
to keep reactions ticking along. But the Dali- 
esque devices have many attributes that 
could make them much better prospects 
for a commercial fusion power plant: Once 
started, stellarators naturally purr along in a 
steady state, and they don’t spawn the poten- 



tially metal-bending magnetic disruptions 
that plague tokamaks. Unfortunately, they 
are devilishly hard to build, making them 
perhaps even more prone to cost overruns 
and delays than other fusion projects. “No 
one imagined what it means” to build one, 
says Thomas Klinger, leader of the 
German effort. 

W7-X could mark a turning point. 
The machine, housed at a branch of 
the Max Planck Institute for Plasma 
Physics (IPP) that Klinger directs, is 
awaiting regulatory approval for a 
startup in November. It is the first large-scale 
example of a new breed of supercomputer- 
designed stellarators that have had most of 
their containment problems computed out. 
If W7-X matches or beats the performance 
of a similarly sized tokamak, fusion research- 
ers may have to reassess the future course of 



VIDEO 



To watch a video 
about stellarators, 
go to http://scim. 
ag/vid_6259. 
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A fusion reactor with a twist 

Wendelstein 7-X, the first large-scale optimized stellarator, took 1.1 million working hours to assemble, 
using one of the most complex engineering models ever devised, and must withstand huge temperature 
ranges and enormous forces. 




Cryostat 

A 16-meter-wide 
container 
encloses all 
magnets and 
their liquid 
helium coolant. 
Two hundred 
and fifty access 
ports pass 
through it. 



Vacuum vessel 

Carefully shaped to 
allow the magnets, 
at -270°C, to get as 
close as possible to 
the plasma, at 
100,000,000°C. 

Planar coils 

Twenty flat 
superconducting 
magnets make fine 
adjustments to 
magnetic field. 




Plasma 



Superconducting coil 



Its twisting shape follows the Each carefully shaped coil is 3.5 meters tall, 

magnetic field designed to keep weighs 6 tonnes, and is wound from nearly 

particles within the machine. a kilometer of superconducting cable. 



their field. “Tokamak people are waiting to 
see what happens. There’s an excitement 
around the world about W7-X,” says engineer 
David Anderson of the University of Wiscon- 
sin (UW), Madison. 

STELLARATORS FACE THE SAME chal- 
lenge as all fusion devices: They must heat 
and hold on to a gas at more than 100 mil- 
lion degrees Celsius— seven times the tem- 
perature of the sun’s core. Such heat strips 
electrons from atoms, leaving a plasma of 
electrons and ions, and it makes the ions 
travel fast enough to overcome their mutual 
repulsion and fuse. But it also makes the gas 
impossible to contain in a normal vessel. 

Instead, it is held in a magnetic cage. 

A current-carrying wire wound around 
a tube creates a straight magnetic field 
down the center of the tube that draws 
the plasma away from the walls. To keep 
particles from escaping at the ends, many 
early fusion researchers bent the tube into 
a doughnut-shaped ring, or torus, creating 
an endless track. 

But the torus shape creates another prob- 
lem: Because the windings of the wire are 
closer together inside the hole of the dough- 
nut, the magnetic field is stronger there and 
weaker toward the doughnut’s outer rim. 

The imbalance causes particles to drift off 
course and hit the wall. The solution is to 
add a twist that forces particles through re- 
gions of high and low magnetic fields, so 
the effects of the two cancel each other out. 

Stellarators impose the twist from out- 
side. The first stellarator, invented by astro- 
physicist Lyman Spitzer at Princeton Uni- 
versity in 1951, did it by bending the tube 
into a figure-eight shape. But the lab he set 
up— the Princeton Plasma Physics Labo- 
ratory (PPPL) in New Jersey— switched 
to a simpler method for later stellara- 
tors: winding more coils of wire around a 
conventional torus tube like stripes on a 
candy cane to create a twisting magnetic 
field inside. 

In a tokamak, a design invented in the 
Soviet Union in the 1950s, the twist comes g 
from within. Tokamaks use a setup like an 3 

electrical transformer to induce the elec- I 

< 

trons and ions to flow around the tube as 3 
an electric current. This current produces \ 
a vertical looping magnetic field that, when 3 
added to the field already running the ^ 
length of the tube, creates the required spi- £ 
raling field lines. t 

Both methods work, but the tokamak | 
is better at holding on to a plasma. In g 
part that’s because a tokamak’s symmetry | 
gives particles smoother paths to follow. J 
In stellarators, Anderson says, “particles | 
see lots of ripples and wiggles” that cause | 
many of them to be lost. As a result, most d 
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fusion research since the 1970s has focused 
on tokamaks— culminating in the huge 
ITER reactor project in France, a €16 bil- 
lion international effort to build a toka- 
mak that produces more energy than it 
consumes, paving the way for commercial 
power reactors. 

But tokamaks have serious drawbacks. 
A transformer can drive a current in the 
plasma only in short pulses that would not 
suit a commercial fusion reactor. Current 
in the plasma can also falter unexpectedly, 
resulting in “disruptions”: sudden losses 
of plasma confinement that can unleash 
magnetic forces powerful enough to dam- 
age the reactor. Such problems plague even 
up-and-coming designs such as the spherical 
tokamak {Science, 22 May, p. 854). 

Stellarators, however, are im- 
mune. Their fields come entirely 
from external coils, which don’t need 
to be pulsed, and there is no plasma 
current to suffer disruptions. Those 
two factors have kept some teams 
pursuing the concept. 

The largest working stellarator 
is the Large Helical Device (LHD) 
in Toki, Japan, which began operat- 
ing in 1998. Lyman Spitzer would 
recognize the design, a variation on 
the classic stellarator with two he- 
lical coils to twist the plasma and 
other coils to add further control. 

The LHD holds all major records for 
stellarator performance, shows good 
steady-state operation, and is ap- 
proaching the performance of a simi- 
larly sized tokamak. 

Two researchers— IPP’s Jurgen 
Niihrenberg and Allen Boozer of 
PPPL (now at Columbia University)— 
calculated that they could do better 
with a different design that would 
confine plasma with a magnetic field of 
constant strength but changing direction. 
Such a “quasi-symmetric” field wouldn’t 
be a perfect particle trap, says IPP theorist 
Per Helander, “but you can get arbitrarily 
close and get losses to a satisfactory level.” 
In principle, it could make a stellarator per- 
form as well as a tokamak. 

The design strategy, known as optimiza- 
tion, involves defining the shape of mag- 
netic field that best confines the plasma, 
then designing a set of magnets to produce 
the field. That takes considerable comput- 
ing power, and supercomputers weren’t up 
| to the job until the 1980s. 
g The first attempt at a partially optimized 
1 stellarator, dubbed Wendelstein 7-AS, was 
o built at the IPP branch in Garching near Mu- 
ll nich and operated between 1988 and 2002. 
p It broke all stellarator records for machines 

0 

1 of its size. Researchers at UW Madison set 
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out to build the first fully optimized device 
in 1993. The result, a small machine called 
the Helically Symmetric Experiment (HSX), 
began operating in 1999. “W7-AS and HSX 
showed the idea works,” says David Gates, 
head of stellarator physics at PPPL. 

That success gave U.S. researchers confi- 
dence to try something bigger. PPPL began 
building the National Compact Stellara- 
tor Experiment (NCSX) in 2004 using an 
optimization strategy different from IPP’s. 
But the difficulty of assembling the intri- 
cately shaped parts with millimeter accu- 
racy led to cost hikes and schedule slips. In 
2008, with 80% of the major components 
either built or purchased, the Department 
of Energy pulled the plug on the project 



{Science, 30 May 2008, p. 1142). “We flat 
out underestimated the cost and the sched- 
ule,” says PPPL’s George “Hutch” Neilson, 
manager of NCSX. 

BACK IN GERMANY, the project to build 
W7-X was well underway. The government 
of the recently reunified country had given 
the green light in 1993 and 1994 and de- 
cided to establish a new branch institute 
at Greifswald, in former East Germany, 
to build the machine. Fifty staff members 
from IPP moved from Garching to Grei- 
fswald, 800 kilometers away, and others 
made frequent trips between the sites, says 
Klinger, director of the Greifswald branch. 
New hires brought staff numbers up to to- 
day’s 400. W7-X was scheduled to start up 
in 2006 at a cost of €550 million. 

But just like the ill-fated American NCSX, 
W7-X soon ran into problems. The machine 



has 425 tonnes of superconducting magnets 
and support structure that must be chilled 
close to absolute zero. Cooling the magnets 
with liquid helium is “hell on Earth,” Klinger 
says. “All cold components must work, leaks 
are not possible, and access is poor” because 
of the twisted magnets. Among the weirdly 
shaped magnets, engineers must squeeze 
more than 250 ports to supply and remove 
fuel, heat the plasma, and give access for di- 
agnostic instruments. Everything needs ex- 
tremely complex 3D modeling. “It can only 
be done on computer,” Klinger says. “You 
can’t adapt anything on site.” 

By 2003, W7-X was in trouble. About a 
third of the magnets produced by industry 
failed in tests and had to be sent back. The 
forces acting on the reactor structure 
turned out to be greater than the 
team had calculated. “It would have 
broken apart,” Klinger says. So con- 
struction of some major components 
had to be halted for redesigning. One 
magnet supplier went bankrupt. The 
years 2003 to 2007 were a “crisis 
time,” Klinger says, and the project 
was “close to cancellation.” But civil 
servants in the research ministry 
fought hard for the project; finally, 
the minister allowed it to go ahead 
with a cost ceiling of €1.06 billion 
and first plasma scheduled for 2015. 

After 1.1 million construction 
hours, the Greifswald institute fin- 
ished the machine in May 2014 and 
spent the past year carrying out 
commissioning checks, which W7-X 
passed without a hitch. Tests with 
electron beams show that the mag- 
netic field in the still-empty reac- 
tor is the right shape. “Everything 
looks, to an extremely high accuracy, 
exactly as it should,” IPP’s Thomas 
Sunn Pedersen says. 

Approval to go ahead is expected from 
Germany’s nuclear regulators by the end 
of this month. The real test will come once 
W7-X is full of plasma and researchers fi- 
nally see how it holds on to heat. The key 
measure is energy confinement time, the 
rate at which the plasma loses energy to the 
environment. “The world’s waiting to see if 
we get the confinement time and then hold 
it for a long pulse,” PPPL’s Gates says. 

Success could mean a course change 
for fusion. The next step after ITER is a 
yet-to-be-designed prototype power plant 
called DEMO. Most experts have assumed 
it would be some sort of tokamak, but now 
some are starting to speculate about a stel- 
larator. “People are already talking about 
it,” Gates says. “It depends how good the re- 
sults are. If the results are positive, there’ll 
be a lot of excitement.” ■ 
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Wendelstein 7-X’s bizarrely shaped components must be put together 
with millimeter precision. All welding was computer controlled and 
monitored with laser scanners. 
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OUT OF THE DARKNESS 



Defying expectations, cataract surgery in Indian children is endowing 
them with vision— and shedding light on how the brain learns to see 

By Rhitu Chatter jee, in New Delhi; photography by Graham Crouch 



M anoj Kumar Yadav came into 
this world with cataracts. In 
developed countries, a simple 
surgery cures this disabling 
eye affliction within the first 
few months of life. But like the 
vast majority of people in India, 
Yadav was born in a village, 
with limited access to health 
care. His parents are poor and uneducated. 
They didn’t even realize their infant son was 
blind until he began to bump into things 
while crawling. Years later, when regional 
doctors examined Yadav, they told him he 
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would never see. “So we gave up,” recalls 
Yadav, now 22. “We thought there was no 
point in running around anymore trying to 
find treatment.” 

Then in 2011, a team of eye specialists 
from New Delhi visited Yadav’s village in 
Uttar Pradesh state. They screened him and 
other blind children and kindled hope that 
Yadav might someday be able to see after 
all. That August, he and his father took a 
13-hour train journey to India’s capital. 
Here at the Dr. Shroff Charity Eye Hospital, 
a surgeon excised his cataract-ridden lenses 
and slipped in synthetic ones in their place. 



When the doctors removed the bandages a 
day later, Yadav’s world was filled with light, 
and shapes that to him were inscrutable. He 
couldn’t tell people from objects, or where 
one thing ended and another began. His 
brain, deprived of information from his eyes 
for 18 years, didn’t know what to make of 
the flood of visual stimuli. But over the com- 
ing months, his brain gradually learned to 
interpret the signals it was receiving from 
his eyes, and the blurry and confusing world 
began to come into focus. 

Yadav is among hundreds of blind chil- 
dren, teenagers, and young adults who are 
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Manoj Yadav, 22, reads while visiting a hostel in 
Gorakhpur, a small city in northern India. Born blind 
in both eyes, Yadav began training his brain to see in 
2011 after cataract surgery. 

now able to see thanks to a project called 
Prakash, which means “light” in Sanskrit. 
India may have the largest number of blind 
children in the world. Estimates 
range from 360,000 to nearly 1.2 
million. The vast majority live in 
rural areas, their quality of life 
worsened by poverty, lack of ac- 
cess to health care, and a dearth of 



To hear a podcast 
with author Rhitu 
Chatterjee, go to 
http://scim.ag/ 



funded by the U.S. National Institutes of 
Health as an exploratory grant, Prakash 
has since grown into a groundbreaking ef- 
fort in neuroscience. For years, physicians 
assumed that once a blind person passed a 
critical age in early child- 
hood without vision, their 
brain would never be able 
to make sense of the visual 
world. Through patients 
like Yadav, Prakash has de- 
molished that assumption. 

“It took me about one- 
and-a-half years before 
I could see everything 
clearly,” Yadav says. Short 
and slight, Yadav is polite 
and soft-spoken, and his 
eyes restlessly dart back 
and forth. The condition, 
nystagmus, is a relic of his 
congenital blindness. But 
with the cataracts gone, it 
doesn’t keep him from see- 
ing. “Now, I can even ride a 
bicycle through a crowded 
market,” he says. 

Prakash “beautifully de- 
monstrates that there is 
still room for plasticity and 
recovery” in patients who 
have grown up blind, says 
Olivier Collignon, a neuro- 
scientist at the University of 
Trento in Italy. That doesn’t 
mean the newly sighted 
will be able to see as well 
as those born sighted, he 
cautions. “That is not sup- 
ported by data.” 

Still, the surprising capacity of Prakash 
patients to gain substantial vision is rewrit- 
ing visual neuroscience. As the medical 
payoff of their efforts became clear, project 
leaders have launched a series of 
studies, from low-tech tests of pa- 
tients’ responses to visual illusions 
to functional MRI (fMRI) imaging 
of their brains reorganizing in re- 
sponse to visual input. While prob- 



Truth from deception 

Project Prakash patients are 
susceptible to these two visual 
illusions immediately after 
surgery, suggesting our brains 
are preprogrammed to misread 
certain images. 

Ponzo illusion 

The red lines are equal length, but 
the “farther” line appears longer. 




Muller-Lyer illusion 

The horizontal lines are equal length, 
but the ones capped with inward 
arrows appear longer. 
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facilities for the disabled. Nearly pod - 6259 ‘ ing how the newly sighted process 



40% of these children are thought 
to have preventable or treatable blindness, 
caused by congenital cataracts, damaged 
corneas, and eye infections. 

Led by neuroscientist Pawan Sinha, Proj- 
ect Prakash began in 2004 as a humani- 
tarian effort to address this problem. But 
it also had a scientific goal. Sinha, based 
at the Massachusetts Institute of Technol- 
ogy in Cambridge, hypothesized that the 
newly sighted children could help answer 
a question that had long intrigued him: 
How does the brain learn to see? Initially 



visual cues, project scientists are 
peeling away layers of mystery about which 
aspects of sight come preprogrammed and 
which are shaped by experience. 

OPHTHALMOLOGY TEXTBOOKS have 
long suggested that trying to give sight to 
teenagers who have been blind since birth 
is unlikely to succeed. In a series of ground- 
breaking studies in cats and monkeys that 
won them the Nobel Prize in Physiology or 
Medicine in 1981, Torsten Wiesel and David 
Hubei showed that if the brain is deprived 



of visual signals during a critical period 
soon after birth, vision is impaired for life. 
There have been no similar experiments in 
humans for ethical reasons, but scientists 
assumed our critical window slams shut 
between ages 6 and 8. That 
^ ■ belief guided surgeons at 

Shroff, who turned away 
congenitally blind children 
older than 8 years. 

However, Sinha un- 
earthed a couple of studies 
from several decades ago 
that suggested congenitally 
blind adults could gain at 
least some vision after cata- 
ract surgery. Then in 2002 
and 2003, while traveling 
across India to understand 
the extent and causes of 
blindness, Sinha met four 
individuals, all of whom 
had had cataracts removed 
as adolescents and had ac- 
quired some vision. The 
anecdotal evidence was 
enough to persuade Sinha 
that, given recent advances 
in medicine, Project Prakash 
was worth pursuing, and he 
convinced the Shroff sur- 
geons to give it a try. 

The team’s eye specialists 
and health workers set up 
screening camps in rural ar- 
eas to identify children who 
could benefit from surgery 
and nonsurgical interven- 
tions like eyeglasses, eye 
drops, and medication. So 
far, more than 1400 children have received 
nonsurgical care and nearly 500 children and 
young adults have undergone cataract opera- 
tions. About half of those patients— the ones 
that the scientists are convinced were blind 
from birth— become research subjects. 

Their recent studies show that experi- 
ence isn’t critical for certain visual func- 
tions. Instead, the brain appears to be 
prewired to interpret at least some simple 
aspects of the visual world. The evidence 
comes from tests of visual illusions that are 
also helping settle a longstanding debate 
about why the brain misinterprets particu- 
lar kinds of images. 

When our perception of an image differs 
from reality, we experience a visual illu- 
sion. Some neuroscientists think the innate 
wiring of our brains is responsible for illu- 
sions; others think they are a product of 
learning. Resolving this debate has proved 
difficult, says Susana Martinez-Conde, a 
neuroscientist at the State University of 
New York Downstate Medical Center who 
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studies illusions. “Babies can’t report on vi- 
sual experience,” she says. “And it wouldn’t 
be ethical to deprive a baby of visual expe- 
rience to test this.” The answer was “any- 
body’s guess,” she says— until Project Prakash 
started studying the newly sighted children, 
whose vision, when first acquired, is close to 
a newborn’s. 

In 2010 and 2011, Sinha’s team picked 
nine children from those about to undergo 
cataract surgery. The subjects had been 
blind since birth, according to the parents 
and surgeons at Shroff Charity Eye Hospital. 
Soon after their bandages were removed, the 
scientists showed them the Ponzo illusion. 
First demonstrated more than a century ago, 
this illusion typically involves lines converg- 
ing on the horizon (like train tracks) and two 
short parallel lines cutting across them. Al- 
though the horizontal lines are identical, the 
one nearer the horizon looks longer. 

The dominant explanation for the Ponzo 
illusion is that it is a result of the brain’s 
experience interpreting 2D images as 3D 
scenes, with the individual elements of im- 
ages perceived to be at various depths and 
distances. “That learning leads us to associ- 
ate these two identical lines in this illusion 
as being at two different distances from us,” 
Sinha explains. The brain interprets the line 
nearer the apparent horizon as farther away 
and therefore longer than the other identi- 
cal line. 

If the Ponzo illusion were the result of vi- 
sual learning, the Prakash kids wouldn’t fall 
for it. But to the team’s surprise, the children 
were just as susceptible to the Ponzo illusion 
as were control subjects with normal vision: 
They consistently found the line closer to the 
horizon longer, the team reported in Current 
Biology in May. 

The kids also fell for the Muller-Lyer il- 
lusion, a pair of lines with arrowheads on 
both ends; one set of arrowheads points 
outward, the other inward toward the line. 
The line with the inward arrowheads seems 
longer. “All we can say based on these results 
is that it’s not experience,” Sinha says. “It’s 
something else. It’s probably being driven 
by very simple factors in the image that the 
brain is probably innately programmed to 
respond to.” 

Martinez- Conde is willing to hazard a 
guess at how the Miiller-Lyer illusion works. 
Her past research has shown that our eyes 
tend to notice corners more than straight 
lines. Perhaps, she says, our brain focuses 
on the corners of the outward arrowheads, 
making the line between them look shorter 
than the line with inward arrowheads. “But 
this should be taken with a big grain of salt 
because I don’t have any data to prove it.” 

Whatever the mechanism, the new study 
adds to growing evidence “that we are not 
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blank slates when we’re born,” Martinez- 
Conde says. Other evidence comes from a re- 
cent study by Amir Amedi, a neuroscientist 
at the Hebrew University of Jerusalem, and 
colleagues in which they used fMRI to com- 
pare the visual cortex of congenitally blind 
individuals with that of normally sighted 
ones. They found that the basic organiza- 
tion of the visual cortex of congenitally 
blind people is similar to that of the nor- 
mally sighted, and both have similar con- 
nections between different parts of the 
cortex. That means “we’re born with this 
machinery for seeing that in a way doesn’t 
require visual experience to emerge,” Amedi 
says. “The visual system comes with certain 
connections and computational biases.” 

SUCH PREWIRING MAY HELP the Prakash 
children gain functional vision in the 
months following surgery, Amedi specu- 



Normal ly sighted Newly sighted 



Functional MRI shows activity in the visual cortex of 
a newly sighted Prakash patient who is starting to 
perceive human faces. Prakash kids gradually learn to 
use the same region of the cortex that supports face 
perception in normally sighted people. 

lates. But experience and learning seem 
to play a bigger role in visual acquisition. 
“There is growing evidence that [even] 
adult brains can change in structure and 
function,” says Brigitte Roeder, a neuro- 
psychologist at the University of Hamburg 
in Germany. For example, studies have 
shown that adults who regularly play action 
video games become better at certain visual 
tasks, like reading the fine print on a pre- 
scription bottle or tracking several friends 
moving through a crowd. 

More relevant to the Prakash children is 
the ability to create a mental image of a 3D 
space. “Spatial imagery is very important in 
our lives,” says Prakash team member Tapan 
Gandhi, a neuroscientist at the Indian Insti- 
tute of Technology, Delhi, in New Delhi. “If 



I ask you, think about your kitchen, where 
you’ve kept what, you can visualize it. This 
is very important for our daily lives.” But 
blind people aren’t adept at imagining 
spaces. When tested for this ability using a 
matrix and movable pegs, Prakash children 
before surgery perform poorly compared 
with normally sighted people, Gandhi says. 
Soon after surgery, however, they start to 
improve at spatial imagery tasks. Vision 
must be crucial to helping the brain create 
mental maps of spaces, he says. And the 
brain either does not have a critical win- 
dow for this ability, or the window remains 
open until much later in life, Gandhi and 
colleagues reported in the 12 March 2014 is- 
sue of Psychological Science . 

The team found similar adaptability in 
the ability to distinguish a human face from 
facelike images. Soon after surgery, Prakash 
patients cannot tell the difference. That too 
contradicts dogma: Homing in on faces is 
one visual capability that scientists think 
is innate. But after a few weeks, the newly 
sighted can identify a human face and start 
to recognize different faces. The team has 
also found that their patients quickly learn 
to connect touch with sight. In other words, 
they are soon able to recognize objects they 
touched while blindfolded when they see 
those objects from a distance. 

But plasticity has its limits. Collignon 
and his colleagues studied a group of adults 
in Canada who were born with cataracts 
but had corrective surgery before they 
turned 1. Despite at least 2 decades of re- 
stored sight, every individual had slightly 
impaired vision. Their 3D perception and 
their ability to detect movement were also 
compromised, according to unpublished re- 
sults. The researchers found that the brains 
of these individuals appear to be wired dif- 
ferently: Unlike normally sighted people, 
their visual cortexes also process sound, 
they reported in August in Current Biology . 

“What is really striking here is that we 
are speaking of people who are deprived 
[of sight] for a few weeks to a few months, 
but it leads to longstanding reorganization 
of the brain to respond more to sound,” 
Collignon says. Prakash patients, who are 
blind for years, are also likely to have their 
visual cortex reorganized, he says, which 
could hinder recovery. “They have a trace 
of their past [in their brains], and their past 
is blindness,” he says. “These people will 
never be able to recover vision like someone 
who’s seen before.” 

Sinha’s findings confirm this. The | 
Prakash patients do not develop vision as | 
sharp as normally sighted people’s. “Despite p 
following these kids for several years, we 2 
do not find a progression of acuity to nor- g 
malcy,” Sinha says. That suggests a critical S 
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window for acuity that closes sometime be- 
fore they turn 8— the youngest age Prakash 
has so far treated. 

Yadav’s experiences are typical. “I can 
read newspaper headlines with my glasses,” 
he says. But 4 years since his surgery, he 
still has trouble reading the finer print in 
newspapers and books. 

The window also seems to close early 
for contrast sensitivity: the ability to dis- 
cern contrasts, shades, and patterns, one of 
the most basic functions of vision. In one 
test, Sinha’s team shows Prakash kids four 
patterns— a house, a square, an apple, and a 
circle— and asks them to identify the patterns 
as they change in size and contrast. Normally 
sighted people can detect these patterns 
for a range of sizes, if the contrast is above 
a certain threshold. For Prakash kids, their 
contrast sensitivity improves significantly up 
to several months after surgery, but never 
reaches normal levels. They remain stuck at 
detecting a limited range of sizes, and only 
when the contrast is fairly high. 

Taken together, the findings demonstrate 
that there is no single critical period govern- 
ing vision, says Amy Kalia, a postdoctoral 
fellow with Sinha. “Is vision recoverable or 
not,” she says, “is a more complex story.” 

Training could help the Prakash children 
recover more visual function, says Uri Polat, 
a neuroscientist at Tel Aviv University in Is- 
rael. “The window doesn’t shut,” he says. “It 
becomes less sensitive.” 
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In 2004, Polat was the first to show that 
training can restore eyesight in adults with 
amblyopia, or lazy eye. A lazy eye prevents 
normal development of the visual cortex dur- 
ing early childhood. Patients have impaired 
binocular vision, as well as poor acuity and 
contrast sensitivity; the diminished sight 
was considered irreversible after age 10. 
Polat had patients look at a computer screen 
with variations of a Gabor Patch image, 
which has blurry black-and-white patterns 
that change in size and contrast. After just 
a month of training, his patients had better 
acuity and contrast sensitivity. 

Amedi agrees that training is key, but 
thinks that it should involve touch and 
sound, too— senses that blind people rely 
on to navigate the world. His research has 
shown that to interpret sound or touch, 
they rely on parts of their visual cortex nor- 
mally dedicated to vision. For example, they 
use the same part of the brain for braille 
that the sighted use for reading. Project 
Prakash plans to open a residential school 
next year to rehabilitate and educate chil- 
dren after cataract surgery using physical 
exercises and multisensory experiences. 

ULTIMATELY, the Prakash team wants to 
reveal how restoring vision alters the vi- 
sual cortex. They are beginning to probe 
changes in the brain with fMRI. 

When they image the visual cortex of a 
patient before and 2 days after surgery, dif- 



ferent areas of the cortex appear to be work- 
ing in synchrony. “So if you have high activity 
in one part of the cortex, you’ll have similar 
activity in another part of the cortex,” Sinha 
says. “It’s as if much of the visual cortex is 
pulsating together.” 

However, just a couple of months after 
surgery, the fMRI picture starts to change. 
Different regions of the visual cortex light up 
differentially, suggesting a division of labor. 
Pictures of human faces shown to patients, 
for example, activate an area of the cor- 
tex known to respond to faces in normally 
sighted people. 

“It makes a lot of sense,” Amedi says. 
“When they start processing visual informa- 
tion, they cannot perform tasks. They can- 
not identify an object, a person. It is all the 
same nonsense to them.” But as time goes by, 
and the brain learns to distinguish objects, 
shapes, and faces, different areas of the visual 
cortex start to specialize. 

Sinha, for one, did not expect these 
changes in the brain. “I was amazed by just 
how much, how massive the changes are and 
how quickly it happens, and how late in life 
it can happen,” he says. He also didn’t expect 
the gusher of results the project has gener- 
ated. “I was worried that having to work 
with fairly old children, we were setting our- 
selves up for failure.” Instead, the project has 
brought hundreds of young people like Yadav 
into the light— while putting the field of vi- 
sual neuroscience in a new light as well. ■ 
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Getting ready for defense. 

Reconstruction of the assembling inflammasome 
complex reported by Hu ef al. and Zhang et al. Red, 
NAIP2 protein; cyan, NLRC4 proteins. 



STRUCTURAL BIOLOGY 

Assembling the wheel of death 

A single ligand-activated protein triggers the assembly of an entire inflammasome 



By Zhonghua Liu and Tsan Sam Xiao 

I nflammation is an essential defense 
strategy mounted by the innate im- 
mune system to eradicate infections 
and repair tissue damage. The inflam- 
masome is an intracellular signaling 
complex involved in inflammation ini- 
tiation and perpetuation. These multimeric 
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protein assemblies promote the activation 
of proteases and the maturation of proin- 
flammatory cytokines, as well as a form of 
cell death (pyroptosis) that incites further 
inflammation (1). Excessive inflammasome 
activation has been implicated in chronic 
inflammatory disorders such as diabetes, 
atherosclerosis, multiple sclerosis, and Al- 
zheimer’s disease ( 2 ). However, inflamma- 



somes also play protective roles in response 
to microbial pathogens. On pages 404 and o 
399 of this issue, Zhang et al. ( 3 ) and Hu et g 
al. (4) report the structural basis for activa- 3 
tion of an inflammasome implicated in both § 
infectious disease response and autoinflam- ^ 
matory disorders (see the first figure). | 

Several inflammasomes have been shown £ 
to be activated by both microbial and host m 
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stimuli. Among these inflamma- 
somes, NLRC4 [where NLR de- 
notes NOD-like receptor and C 
denotes caspase activation and 
recruitment domain (CARD)] 
is a unique inflammasome that 
uses host NAIP proteins (NLR 
family apoptosis inhibitory pro- 
teins) to recognize two bacte- 
rial proteins, flagellin and PrgJ, 
which are essential for bacterial 
movement and pathogenesis 
(see the second figure) (5, 6). 
Previous work suggested that 
the flagellin-activated NLRC4 
inflammasome adopts disk-like 
structures containing 11 or 12 
protomers (7), but the details 
of the inflammasome assembly 
are lacking. 

Using cryo-electron micros- 
copy (cryo-EM) methods, Hu 
et al. and Zhang et al. now 
show that just one PrgJ-bound 
NAIP2 molecule is sufficient to 
trigger a dramatic conforma- 
tional change in NLRC4; 9 to 
11 activated NLRC4 molecules 
then oligomerize around one 
NAIP2 molecule to form a 10- 



to 12-spoke wheel-like structure 
(see the second figure). Nano- 
gold labeling demonstrated 
that there was only one NAIP2 
and one PrgJ molecule in the 
inflammasome wheel (see the 
second figure). Unlike the as- 
sembly of the Apaf-1 (apoptotic 
protease activating factor-1) 
apoptosome, which requires 
ligand binding by each of its 
seven protomers (8), a single 
ligand-bound NAIP2 molecule 
triggers the assembly of an en- 
tire NAIP2-NLRC4 inflamma- 
some complex. This complex 
then oligomerizes the caspase-1 
protein and promotes its acti- 
vation (see the second figure). Comparison 
of the cryo-EM structures and a previous 
crystal structure of NLRC4 in an autoinhib- 
ited state reveals striking conformational 
changes in NLRC4. In particular, NLRC4’s 
C-terminal half pivots on a helix within the 
NOD (nucleotide-binding oligomerization) 
domain, leading to a -90° rotation. This 
large structural reorganization is necessary 
to expose two oligomerization surfaces that 
facilitate the protein’s progressive oligo- 
merization. Mutations near the NLRC4 
hinge region cause severe autoinflamma- 
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Add just one NAIP. Bacterial infections activate the NAIP2-NLRC4 inflammasomes, 
which promote the activation of caspase-1 and maturation of proinflammatory cytokines 
interleukin-l|3 (IL-lp) and IL-18, as well as pyroptotic cell death. Hu etal. and Zhang 
et al. show that a single ligand-bound NAIP2 protein triggers the progressive assembly 
of the NAIP2-NLRC4 inflammasomes through large conformational changes in NLRC4 
and perhaps NAIP2. Similar mechanisms could govern the assembly of the NLRP3 
inflammasome. (Bottom) Cryo-EM images of the assembling inflammasome. 



The results presented by Hu et 
al. and Zhang et al. may also help 
in understanding the NLRP3 in- 
flammasome, which is perhaps 
the most intensively studied be- 
cause it is activated by various 
microbial and environmental 
stimuli. Because of their similar 
domain architecture, the NLRP3 
inflammasome may adopt qua- 
ternary structures resembling 
the NAIP2-NLRC4 inflamma- 
some. Many chemically distinct 
stimuli for the NLRP3 inflam- 
masome may converge on as 
yet unidentified host protein(s), 
which then trigger the assem- 
bly of the NLRP3 inflamma- 
some in a fashion similar to how 
NAIP2 accomplishes the NLRC4 
oligomerization. ■ 



tory diseases typified by recurrent fever and 
pyroptotic cell death (9-11). The two new 
structural studies (3, 4) reveal the molecu- 
lar mechanisms for this autoinflammatory 
pathology involving NLRC4. 

Notwithstanding the remarkable new find- 
ings, many mysteries remain regarding in- 
flammasome activation. A key question is the 
mode of ligand binding. Tenthorey et al. have 
shown that the NAIP NOD domains confer 
the capacity to recognize flagellin or T3SS 
proteins (12). The resolution of the current 
cryo-EM structures was too low to identify 
the ligand-bound NAIP2 molecule within the 
wheel-like structures. Therefore, the struc- 
tural basis for ligand recognition by the NOD 
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modules remains to be deci- 
phered. Because the NAIP2 NOD 
module also recruits NLRC4, it 
is possible that the ligand may 
engage both NAIPs and NLRC4 
in the fully assembled inflamma- 
somes. Therefore, NLRC4 may 
function as a co-receptor instead 
of an adapter. 

Another unsolved mystery is 
the role of adenosine diphos- 
phate (ADP) or adenosine tri- 
phosphate (ATP). The assembly 
of the apoptosome requires the 
exchange of ADP for ATP (8). 
Halff et al. have shown that ATP 
binding by NAIP5 was not essen- 
tial for inflammasome assembly, 
but the role of ATP for NLRC4 
function was not clear (7). It 
remains to be shown whether 
exchange of ADP for ATP is nec- 
essary for inflammasome assem- 
bly or disassembly or whether, 
as suggested by Zhang et al., re- 
lease of ADP suffices. 



SCIENCE sciencemag.org 



23 OCTOBER 2015 • VOL 350 ISSUE 6259 3 77 



Published by AAAS 




INSIGHTS | PERSPECTIVES 



PHYSICS 

Chiral anomaly without relativity 

A condensed matter system exhibits an effect usually associated with particle physics 



By Anton Burkov 

T he Dirac equation, which describes rel- 
ativistic fermions (like electrons mov- 
ing at nearly the speed of light), has a 
mathematically inevitable but puzzling 
feature: negative-energy solutions. The 
physical reality of these solutions is 
unquestionable, as one of their direct con- 
sequences— the existence of antimatter— is 
confirmed by experiment. However, the in- 
terpretation of the solutions has always been 
somewhat controversial. Dirac’s own idea 
was to view the vacuum as a state in which 
all the negative energy levels are physically 
filled. This “Dirac sea” idea seems to contra- 
dict a common-sense view of the vacuum 
as a state in which matter is absent. On the 
other hand, the Dirac sea is a very natural 
concept from the point of view of condensed 



ing seems to be hard to achieve without as- 
signing physical reality to the Dirac sea. This 
phenomenon, the chiral anomaly, presents a 
quantum mechanical violation of chiral sym- 
metry; it was first observed experimentally in 
particle physics as a decay of a neutral pion 
into two photons. On page 413 of this issue, 
Xiong et al. (1) report the observation of this 
phenomenon in a condensed matter system— 
a crystal of Na 3 Bi— manifesting as an unusual 
negative longitudinal magnetoresistance; the 
vacuum/insulating crystal analogy is now all 
the more tangible. 

The chiral anomaly is an unexpected fea- 
ture of relativistic quantum field theory. If 
the Dirac equation is applied to a hypotheti- 
cal massless fermion, then the particle is 
expected to possess a strictly conserved phys- 
ical quantity called chirality, which refers to 
the handedness (left or right) of its internal 
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Illustrating the chiral anomaly. (A) Energy spectrum of the left- and right-handed fermions in the presence of a 
magnetic field B. Filled states with negative energy are shown as black dots, empty states with positive energy as gray 
dots. (B) Same spectrum, but in the additional presence of an electric field E parallel to the magnetic field B. Right- 
handed particles and left-handed antiparticles have been produced, e, energy: k , wavevector. 



matter physics, as there is a direct and simple 
analogy: filled valence bands of an insulating 
crystal. There exists, however, a phenomenon 
within the context of relativistic quantum 
field theory, whose satisfactory understand- 
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angular momentum (i.e., spin) relative to 
the direction of its linear momentum. This 
conservation of chirality may be viewed as 
a consequence of chiral symmetry of the Di- 
rac equation for massless particles: It has no 
preference for either chirality and does not 
mix the two chiralities. 

However, when one passes from the Dirac 
equation to the corresponding relativistic 
field theory (which is made unavoidable by 



the negative-energy solutions of the Dirac 
equation), the chiral symmetry disappears 
once another fundamental physical prin- 
ciple, that of gauge invariance, is taken into 
account. Chirality is no longer conserved 
when the fermions are placed in an electro- 
magnetic field with collinear electric and 
magnetic components. This property was 
discovered by Adler and by Bell and Jackiw 
(2, 3), who were trying to explain the ob- 
served decay of a neutral pion into two pho- 
tons, which seemed to be prohibited by the 
chiral symmetry. 

The chiral anomaly is readily understood 
when the Dirac sea is considered real (4). In 
this case, the chiral anomaly follows from the 
form of the energy eigenvalues of the Dirac 
equation for a massless left- or right-handed 
charged fermion in the presence of a constant 
magnetic field (see the figure). These solu- 
tions have the form of Landau levels, discrete 
energy levels that disperse continuously as a 
function of the component of the linear mo- 
mentum along the direction of the field. The 
handedness of the particles is reflected in the 
existence in each case of a special Landau 
level whose dispersion is chiral; that is, it has 
a slope of a specific sign, positive or negative. 
Whereas all other Landau levels have either 
strictly positive or strictly negative energy, 
the chiral Landau levels necessarily contain 
both negative and positive energy states. The 
chiral anomaly arises as a direct consequence 
of the existence of these chiral Landau levels. 

Invoking the Dirac sea picture, all the 
negative energy states are filled by fermions 
while all the positive energy states are empty. 
Now suppose that in addition to the magnetic 
field, an electric field is applied in the same 
direction. The electric field will accelerate the 
particles, which means their momentum will 
change with time. This implies (see the fig- 
ure) the simultaneous production of particles 
of one chirality and antiparticles of the op- 
posite one. The total charge is conserved but 
the chirality is not. 

The observation of the phenomenon re- 
ported by Xiong et al. was made possible 
by the recent discovery of Weyl and Dirac 
semimetals, which are crystalline materi- 
als whose electronic structure mimics the o 
energy-momentum relation of relativistic g 
fermions (5-9). The specific material studied | 
by Xiong et al., Na 3 Bi, is a Dirac semimetal, ^ 
which means that the left- and right-chirality 5 
electrons coexist at the same point in the o 
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crystal momentum space. This, however, is 
not important, as a similar effect should be 
observed in Weyl semimetals, where oppo- 
site-chirality fermions exist at distinct points 
in momentum space. The way that the chiral 
anomaly manifests in Na 3 Bi is through mag- 
netoresistance (a dependence of the electri- 
cal resistance of the material on an applied 
magnetic field). The physical picture of the 
chiral anomaly, when applied to a Dirac or 
Weyl semimetal, implies a magnetic field- 
dependent contribution to the resistance, 
which is negative (the resistance is reduced 
and the material becomes a better conduc- 
tor when the magnetic field is applied) and 
quadratic in the field (10, 11). The effect also 
exists only when the current is aligned with 
the direction of the field (the magnetoresis- 
tance is longitudinal), survives up to a tem- 
perature of about 90 K, and is large (quickly 
rising to more than 100% as the temperature 
decreases below 90 K). These features are un- 
usual and cannot be explained by any other 
known mechanism but the chiral anomaly. 

What makes the observed effect important, 
apart from the analogy to particle physics, is 
that the chiral anomaly is a purely quantum 
mechanical phenomenon without any clas- 



“...the chiral anomaly is a 
purely quantum mechanical 
phenomenon without 
any classical analogs. Yet 
the observed longitudinal 
magnetoresistance is a 
macroscopic effect...” 

sical analogs. Yet the observed longitudinal 
magnetoresistance is a macroscopic effect, 
seen in a large sample. Such macroscopic 
quantum phenomena are typically observed 
only at very low temperatures. The fact that 
the chiral anomaly manifestation in Na 3 Bi 
is observed at temperatures as high as 90 
K makes it especially interesting and poten- 
tially useful technologically. ■ 
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NEUROSCIENCE 

The unknowns of 
cognitive enhancement 

Can science and policy catch up with practice? 



By Martha J. Farah 



f f ■ fl! an is not going to wait pas- 
III I sively for millions of years 
H M before evolution offers him 
IWI a better brain.” These words 
Bill are attributed to the 20th 
III century Romanian psycho- 
pharmacologist Corneliu Giurgea, an early 
advocate of cognitive enhancement— that 
is, the use of medications or other brain 
treatments for improving normal healthy 
cognition. Contemporary attempts at cogni- 
tive enhancement involve an array of drugs 
and devices for modifying brain function, 
such as pills taken by students to help them 
study, or electrical stimulators focused on 
prefrontal cortex by electronic game play- 
ers (“e-gamers”) to sharpen their skills. 
What is known about current methods of 
cognitive enhancement? What specifically 
do they enhance, for whom, and with what 
risks? We know surprisingly little. 

In the United States, stimulants such as 
amphetamine and methylphenidate (sold 
under trade names such as Adderall and 
Ritalin, respectively) are widely used for 
nonmedical reasons (1). However, it is not 
known how many of these users are seek- 
ing cognitive enhancement, as opposed to 
getting “high,” losing weight, or some other 
effect— there is simply a lack of epidemio- 
logical data. Student surveys suggest that 
cognitive enhancement with stimulants is 
commonplace on college campuses, where 
students with prescriptions sell pills to 
other students, who use them to help study 
and finish papers and projects (2). Similar 
use by college faculty and other profession- 
als to enhance workplace productivity has 
been documented, but prevalence is un- 
known (3, 4). 

These practices have been interpreted 
as paradigm cases of cognitive enhance- 
ment (which is distinct from treatment 
for a cognitive disorder) generally aimed 
at improving executive function— the abil- 
ity to marshal cognitive resources for flex- 
ible multitasking or focusing, as needed. 
Because these drugs are widely used to 
treat attention deficit hyperactivity disor- 
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der (ADHD), in which executive function 
is impaired, they are assumed to enhance 
executive function in healthy individuals 
as well. However, the current evidence sug- 
gests a more complex state of affairs. The 
published literature includes substantially 
different estimates of the effectiveness of 
prescription stimulants as cognitive en- 
hancers. A recent meta- analysis suggests 
that the effect is most likely real but small 
for executive function tests stressing inhib- 
itory control, and probably nonexistent for 
executive function tests stressing working 
memory (5). 

Why, then, do these drugs continue to 
be used for enhancement? One possibility 
is that there are important individual dif- 
ferences in people’s response to them, with 
some people benefiting (2). In addition, 
stimulants have other effects for which they 
may be used. In a report entitled “Just How 
Cognitive Is ‘Cognitive Enhancement’?,” so- 
ciologist Scott Vrecko interviewed students 
who used Adderall and found that they em- 
phasized motivational and mood effects as 
reasons for using the drugs for schoolwork 
(6). Subsequent research confirmed the 
role of these noncognitive factors for stu- 
dents enhancing with Adderall; although 
they differed minimally from nonusers on 
attention task performance, they exhibited 
substantially greater differences in moti- 
vation and worse study habits, along with 
more depressed mood (7). 

There is, of course, a close relation be- 
tween cognitive performance, on the one 
hand, and motivation, on the other. Even 
if one’s laboratory-measured executive 
function is not appreciably increased, 
one is likely to get more done, and of bet- 
ter quality, if one is feeling cheerful and 
“into” the tasks at hand. Unfortunately, the 
mood- and motivation-boosting abilities of 
stimulants are related to their well-known 
dependence potential, and that potential 
is a major concern. How likely is it that 
cognitive enhancement use of stimulants 
will lead to dependence? The prevalence of 
drug dependence among enhancement us- 
ers is not currently known. 

Another drug used for cognitive en- 
hancement is modafinil (trade name Pro- 
vigil). Best known for its ability to preserve 
alertness and cognitive function under 



SCIENCE sciencemag.org 



23 OCTOBER 2015 • VOL 350 ISSUE 6259 379 



Published by AAAS 



INSIGHTS | PERSPECTIVES 




New trends. Transcranial electric stimulation for 
cognitive enhancement in healthy individuals is 
becoming more popular, yet little is known about the 
effectiveness or long-term safety of these devices. 

conditions of sleep deprivation, it may also 
enhance aspects of cognition in rested in- 
dividuals. As with amphetamine, studies 
have produced conflicting results. A recent 
literature review of the cognitive effects 
of modafinil found a range of outcomes: 
enhancement, null effects, and occasion- 
ally impairment. Enhancement was the 
most common finding, especially in com- 
plex cognitive tasks requiring multiple 
components of executive function to be 
used together, although effect sizes were 
not synthesized through meta-analysis to 
yield a quantitative summary measure of 
effectiveness (8). A recent study reported 
a “striking increase in task motivation,” 
suggesting that this may contribute to 
modafinil’s value as a cognitive enhancer 
in the workplace ( 9 ), but motivational ef- 
fects are inconsistent across studies (8). 
Modafinil’s dependence potential is be- 
lieved to be low, although some would not 
discount the risk ( 10 ). 

The newest trend in cognitive enhance- 
ment is the use of transcranial electric stim- 
ulation ( 11 ). In the most widely used form, 
called transcranial direct current stimula- 
tion (tDCS), a weak current flows between 
an anode and a cathode placed on the head, 
altering the resting potential of neurons in 
the current’s path. The simplicity and low 
cost of tDCS devices have enabled broad 
use of the technology for research and, in- 
creasingly, for home use. No epidemiologi- 
cal data exist on the use of these devices, 
but the Internet abounds with discussion 



and advice on how to build and 
use tDCS systems. An initial sur- 
vey with a convenience sample 
(a sample not expressly cre- 
ated to be representative of 
particular types of people) 
recruited from the Inter- 
net sites indicates that 
cognitive enhancement 
is the most common rea- 
son for personal use of 
tDCS ( 12 ). Subscribers 
to the main tDCS in- 
terest website num- 
ber in the thousands, 
but actual prevalence 
and related information 
about tDCS use is unknown. 
The true cognitive benefit of 
tDCS in normal healthy users is 
also unknown. As with research on 
pharmaceutical enhancement, the 
published literature includes a mix of 
findings. One recent attempt to synthesize 
the literature with meta-analysis concluded 
that tDCS has no effect whatsoever on a 
wide range of cognitive abilities ( 13 ). How- 
ever, the methods of this analysis have been 
criticized as unnecessarily conservative and 
even biased ( 14 ). Newer transcranial elec- 
tric stimulation protocols involving alter- 
nating current stimulation (tACS), random 
noise stimulation (tRNS), and pulsed stim- 
ulation (tPCS) have different physiological 
effects and hence potentially different psy- 
chological effects, although the empirical 
literature is still developing. 

Transcranial electric stimulation is ex- 
panding beyond home users, with new 
companies selling compact, visually ap- 
pealing, user-friendly devices. These have 
been exempted from regulation as medical 
devices by the U.S. Food and Drug Admin- 
istration. One company, Foc.us, markets its 
systems to e-gamers to improve attention 
and performance. Thync, which began sell- 
ing its system in June of this year, targets 
a broader set of lifestyle uses, comparable 
to coffee for work and meditation for re- 
laxation. At present, there is little to no 
scientific evidence for or against the ef- 
fectiveness of these specific systems, nor 
is there evidence concerning the physio- 
logical and psychological effects of regular 
use over months or years in humans or in 
animals. 

It remains difficult to say what cognitive 
benefits these various practices offer in 
the laboratory, let alone in the classroom 
or workplace, and their attendant risks are 
even harder to gauge. Although surveys 
have estimated the number of college stu- 
dents using stimulants for enhancement, 
little is known about other people and 



other practices. Without knowing more 
about the prevalence, risks, and benefits of 
these brain interventions, it is difficult to 
formulate useful policy. 

Why are we so ignorant about cogni- 
tive enhancement? Several factors seem 
to be at play. The majority of studies on 
enhancement effectiveness have been car- 
ried out on small samples, rarely more 
than 50 subjects, which limits their power. 
Furthermore, cognitive tasks typically lend 
themselves to a variety of different but rea- 
sonable outcome measures, such as overall 
errors, specific types of errors (for exam- 
ple, false alarms), and response times. In 
addition, there is usually more than one 
possible statistical approach to analyze the 
enhancement effect. Small samples and 
flexibility in design and analysis raise the 
likelihood of published false positives ( 15 ). 
In addition, pharmacologic and electric 
enhancements may differ in effectiveness 
depending on the biological and psycho- 
logical traits of the user, which complicates 
the effort to understand the true enhance- 
ment potential of these technologies. In- 
dustry is understandably unmotivated to 
take on the expense of appropriate large- 
scale trials of enhancement, given that the 
stimulants used are illegally diverted and 
transcranial electric stimulation devices 
can be sold without such evidence. The 
inferential step from laboratory effect to 
real-world benefit adds another layer of 
challenge. Given that enhancements would 
likely be used for years, long-term effec- 
tiveness and safety are essential concerns 
but are particularly difficult and costly to 
determine. As a result, the only large-scale 
trial we may see is the enormous but un- 
controlled and poorly monitored trial of 
people using these drugs and devices on 
their own. ■ 
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STRUCTURAL BIOLOGY 



Snapshots of a protein quake 

Release of CO induces ultrafast collective motions in myoglobin 



By Richard Neutze 



u 



E verything that living things do 
can be understood in terms of 
the jigglings and wigglings of at- 
oms,” Richard Feynman famously 
surmised (1). This question has 
captured the imagination of bi- 
ologists since the first protein structure, that 
of myoglobin, an oxygen (0 2 ) carrier in mus- 
cles, was solved by x-ray crystallography ( 2 ). 
Myoglobin binds carbon monoxide (CO) 
two orders of magnitude more strongly 
than 0 2 . Bound CO can be dislodged 
from the active-site heme by light, and 
the subsequent structural response 
of the protein has been the focus of 
intense study by spectroscopic (3), 
x-ray scattering ( 4 ), and x-ray dif- 
fraction (XRD) (5, 6) methods, yet 
complex structural questions remain 
(7). On page 445 of this issue, Bar- 
ends et al. ( 8 ) provide three-dimensional 
snapshots of structural changes in myoglo- 
bin— low-amplitude collective motions that 
rapidly spread throughout the protein— that 
occur during the first few picoseconds ( 9 ) af- 
ter the CO photodissociation. 

Time-resolved XRD methods were de- 
veloped at synchrotron radiation sources 
to enable the movement of atoms to be 
observed in real time during a biological 
reaction. Synchrotron-based time-resolved 
XRD studies of the photo-dissociation of 
CO from the active site of myoglobin first 
achieved a time resolution of a 4000 ps (5), 
and technical developments later facilitated 
a 30-fold improvement ( 6 ). These stud- 
ies beautifully illustrated how dislodging 
a bound ligand may induce a coordinated 
sequence of structural changes throughout 
a protein, and suggested that collective mo- 
tions may be coupled to opening and clos- 
ing a gateway for CO (or 0 2 ) to enter or exit 
the active site of the protein (7). 

Because of technical limitations associated 
with circulating electron bunches around a 
ring, it is not possible to isolate x-ray pulses 
shorter than 100 ps in duration with synchro- 
tron radiation sources. This fundamental 
limitation hampers time-resolved studies of 
the most rapid structural changes in biology, 
because spectroscopic evidence suggests that 



Department of Chemistry and Molecular Biology, University of 
Gothenburg, Sweden. E-mail: richard.neutze@chem.gu.se 



collective motions in proteins may occur two 
orders of magnitude faster (3). 

Barends et al. overcame this restriction by 
performing time-resolved diffraction studies 
at an x-ray free-electron laser (XFEL). Rather 
than circulating electrons around a ring, 
XFELs utilize a linear accelerator to inject a 
very short (hundredths of a millimeter) elec- 
tron bunch through a very long (-100 m) ar- 
ray of oppositely aligned magnetic fields. A 



Ultrafast collective motions in myoglobin. Myoglobin 
consists of six a helices, which enclose a heme 
containing an iron atom (Fe 2+ ) bound within a porphyrin 
ring (light gray). CO (gray spheres) is bound to Fe 2+ in 
the resting state, and the Fe-CO bond is broken by a 
rapid laser flash, whereupon CO moves to its primary 
docking position (red) within 0.1 ps. Strain is released as 
functionally important motions that evolve collectively 
throughout the protein. The resting myoglobin 
conformation is shown as light gray, whereas protein 
motions are implied by a sequence of increasingly 
opaque excited conformations (red). Movements of the 
backbone carbon atoms are exaggerated up to ninefold 
to better illustrate these small-amplitude motions. 

feedback mechanism termed “lasing” creates 
a revolutionary x-ray source that delivers ex- 
tremely intense x-ray pulses 0.1 ps in duration 
(10). XFEL radiation has enabled high-reso- 
lution protein structures to be determined 
from a continuous stream of tiny crystals 
approximately a thousandth of a millimeter 
across (microcrystals), which mitigates the 
effects of damage from these very intense 
pulses (11). When used in combination with 




a suitably short laser pulse to initiate a light- 
driven reaction within microcrystals (12), an 
XFEL can be used to visualize the most rapid 
structural changes in biology. 

A tenth of a picosecond after photo-acti- 
vation by a short laser flash, Barends et al. 
observed a 1.6 A displacement of a CO mol- 
ecule away from the iron atom of the heme 
and into a transient docking site atop the 
heme’s porphyrin ring. This movement of the 
ligand releases strain energy, which is trans- 
ported away from the active site as collective 
motions of the protein’s backbone atoms (see 
the figure). The amplitude of these motions 
is small (-0.2 A), yet the power of averaging 
diffraction data from thousands of micro- 
crystals allows the accurate recording of a 
high-resolution movie. Most strikingly, the 
atomic displacements of the residues in con- 
tact with the heme undergo coherent oscilla- 
tions with a period of -0.5 ps. Unfortunately, 
the set of time delays sampled by Barends et 
al. did not allow verification of a recent sug- 
gestion that longer-period global oscillations 
also arise in myoglobin (4). 

Functionally important motions 
that arise on this time scale have 
been coined a “protein-quake” 
(3). Barends et al. provide a di- 
rect observation of such motions 
at high resolution and provide 
new insight of generic importance 
for understanding the relation between 
structure and dynamics throughout biol- 
ogy. Myoglobin, however, does not utilize 
light in its natural function. Whenever na- 
ture has evolved proteins to harvest light, 
the absorbed photons are invariably cap- 
tured for their energy or their information 
content. Future XFEL-based time-resolved 
XRD studies are likely to facilitate unprec- 
edented structural insights into the most 
rapid structural changes in photo-biology, 
revealing how the proteins that partake in 
photosynthesis and vision have been opti- 
mized for function throughout evolution. It 
will be fascinating to see how the collective 
movement of the atoms of light receptors 
initiate vision. ■ 
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OCEAN 

Making waves: The science 
and politics of ocean protection 

Mature science reveals opportunities for policy progress 



By Jane Lubchenco and Kirsten 
Grorud-Colvert* 

T he ocean has recently taken a more 
prominent role on the international 
policy stage. In June, the United Na- 
tions (UN) initiated development of a 
treaty for conservation of biodiversity 
on the High Seas. One of the Sustain- 
able Development Goals (SDGs) adopted by 
the UN in September focuses on the ocean. In 
early October, the second Our Ocean Confer- 
ence (00-2015) provided a high- 
POLICY profile platform for nations to 
tout progress or make promises 
to protect and restore the ocean. We discuss 
recent progress in creating and enforcing 
strongly protected areas, and we emphasize 
the need to accelerate the pace and draw on 
scientific knowledge. 



Two new large marine reserves were an- 
nounced by Chile at 00-2015: Easter Island 
Marine Park and Nazca-Desventuradas Ma- 
rine Park. These join other recent reserves, 
including a sixfold expansion of the U.S. Pa- 
cific Remote Islands Marine National Monu- 
ment (2014); Kiribati’s ban on commercial 
fishing in its Phoenix Island Protected Area 
(2015); the United Kingdom’s Pitcairn Islands 
Marine Reserve (2015), which will be the 
world’s largest fully protected marine area; 
and New Zealand’s Kermadec Ocean Sanctu- 
ary (2015). Each of these new protected areas, 
if fully implemented and enforced, should 
bring significant ecological benefit. 

These areas contribute to global targets 
set in SDG Goal 14 and the Convention on 
Biological Diversity’s (CBD) Aichi Target 11 
to protect at least 10% of coastal and ma- 
rine areas by 2020. These targets employ a 



loose definition of “protection.” We find it 
more useful to distinguish among “lightly 
protected” (some protection exists but signif- 
icant extractive activity is allowed), “strongly 
protected” (all commercial activity prohib- 
ited, only light recreational and subsistence 
fishing allowed), and “fully protected” (no 
extractive activities allowed; also called “ma- 
rine reserves”). The term “Marine Protected 
Area” (MPA) encompasses all three catego- 
ries, among which ecological benefits vary 
greatly (1). 

Even lumping all categories together, only 
3.5% of the ocean is protected (see the figure). 
Only 1.6% is “strongly” or “fully” protected. 
In contrast, the CBD 17% target for terrestrial 
protection is likely to be met by 2020— it cur- 
rently stands at -15% (2). Conservation or- 
ganizations and scientific analyses support 
ocean protection ranging from 20 to 50% ( 3 ). 
Existing MPAs are solely within countries’ 
jurisdictions, leaving the High Seas (-58% 
of the ocean) without any permanent protec- 
tion (hence the new UN High Seas process). 
Protecting the High Seas could bring signifi- 
cant fishery enhancement in addition to the 
primary goal of biodiversity benefit (4). Rep- 
resentativeness of protection across diverse 
habitats may be more important than total 
area (5), but no adequate measure exists to 
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assess how protection is distributed globally 
or within nations’ exclusive economic zones 
[see the supplementary materials (SM)]. 

Despite the low fraction of the ocean pro- 
tected, significant progress has been made 
in the last decade ( 6 ) (see the figure and the 
SM)— from less than 0.1% to 1.6% strongly 
protected. This reflects increasingly strong 
scientific evidence about the social, eco- 
nomic, and environmental benefits of full 
protection; greater attention to community, 
stakeholder, and governance dynamics; in- 
creasing recognition of the need for more 
protection due to threats to biodiversity, 
overfishing, and the lack of assessment for 
many marine stocks; dedicated campaigns 
by nongovernmental organizations (NGOs); 
funding by philanthropies; and new tech- 
nologies that enable more effective enforce- 
ment. Complementary changes are under 
way in some fishery management to achieve 
more sustainable fisheries outside marine 
reserves [e.g., (7)]. 

MATURE SCIENCE. Although the science 
of MPAs is mature and extensive, politi- 
cal discussions are frequently disconnected 
from that knowledge, and resistance from 
resource extractors is often intense. We high- 
light seven important, relevant findings. 

Full protection works. Fully protected, ef- 
fectively enforced reserves almost always 
achieve their primary goal of significant 
ecological gains, including more species in 
greater numbers and larger sizes [e.g., (8, 9)]. 
Fully protected areas have ecological benefits 
up to an order of magnitude greater than par- 
tially protected areas (1). Strong potential also 
exists to help recover some depleted fisheries 
outside a reserve [e.g., (4)]. They also provide 
a control to evaluate the impact of fishing and 
thus improve fishery management. 

Habitats are connected. Networks of re- 
serves that extend beyond coastal waters into 
deeper waters can protect more biodiversity; 
many species move among habitats during 
their life cycles. If seamounts are fully pro- 
tected within a strategically placed reserve, 
they can also benefit migratory animals such 
as tuna and marine mammals. 

Networks allow fishing. Connected net- 
works of reserves can protect species while 
allowing extractive use between reserves. 
Connectivity occurs through movement of 
larvae, juveniles, or adults, sometimes across 
political jurisdictions, leading to greater ben- 
efits than from a set of unconnected reserves 
(10). Simply having multiple relatively small 
reserves within a region, without thoughtful 
design, does not guarantee connectivity. 
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Engaging users usually improves out- 
comes. Reserves or networks planned with 
fishers and managers can address both con- 
servation and fishery goals. For example, Ter- 
ritorial User Rights Fisheries (TURFs) can be 
combined with reserves, as fishing coopera- 
tives with secure access recognize the bene- 
fits of creating neighboring “fish banks” to 
provide spillover into their fishing areas (7). 



“An accelerated pace of 
protection will be needed...” 



Reserves can enhance resilience. Large 
and strategically placed reserves with their 
full component of trophic levels and greater 
genetic and species diversity are likely to 
be more resilient to some environmental 
changes and could be important tools in cli- 
mate adaptation [e.g., (11, 12)]. 

Planning saves money. Thoughtful plan- 
ning can minimize the costs of reserves, 
including foregone revenue [e.g., (13)]. Re- 
serves can increase economic benefits, such 
as through spillover of adults to fished ar- 
eas or enhanced tourism revenues; in some 
cases, the value of the reserve can exceed the 
pre-reserve value (14). 

Ecosystems matter. Complementary ef- 
forts beyond reserves and MPAs are needed 
to fully protect and restore ecosystem func- 
tioning. Smart planning using science- and 
ecosystem-based approaches can enable a 
combination of sustainable uses (fishing, 
aquaculture, energy generation, recreation, 
and the like) and protected places (15). 

POLICY CONNECTIONS. Cognizant of the 
disparity between existing protection and 
policy— or scientific— targets, we offer six 
recommendations. 

Embrace options. MPAs have been imple- 
mented using myriad top-down (politically 
mandated) and bottom-up (citizen-driven) 
approaches (see SM). Both are needed to 
achieve adequate protection. 

Bring users to the table. Involving stake- 
holders during all stages can assist success- 
ful MPA planning, improving outcomes of 
resource protection while minimizing the ef- 
fects on resource users (see SM). 

Change users’ incentives. Push-back is 
understandable from those who bear the 
immediate costs, especially if there is no 
guarantee of direct benefit. This has been 
the single biggest impediment to the cre- 
ation of reserves. Good reserve design 
and explicit transition strategies can help 
minimize economic and social effects (e.g., 
fisheries buyouts, phasing out fishing over 
time, or training for alternative livelihoods). 



Even more powerful approaches turn losers 
into winners— for example through TURF- 
reserves or other rights-based fishery man- 
agement (7) or by treating reserves as a 
new business, with users as investors and 
shareholders, and a return on investment 
expected in future years (14). 

Use new technologies for enforcement. 
Partnerships between NGOs, the technology 
industry, and agencies use satellite tracking 
to visualize boat traffic, identify potential il- 
legal fishing, and direct law enforcement to 
offenders. These complement international 
initiatives to reduce what has been a major 
threat to fishery management and biodiver- 
sity protection: Illegal, Unregulated, and Un- 
reported (IUU) Fishing. 

Integrate reserves with other manage- 
ment measures. Reserves cannot address all 
stressors affecting the ocean. Complemen- 
tary management, ideally integrated with 
reserves, is necessary to address issues such 
as bycatch, unsustainable and IUU fishing, 
climate change, and ocean acidification. 

Expect surprises and use adaptive man- 
agement. When reserve goals are identified, 
so, too, should plans be laid for accommodat- 
ing unexpected changes. Monitoring is key 
to track progress and signal when manage- 
ment plans should be reviewed. Management 
agencies need the capacity to effectively eval- 
uate reserve outcomes and use sound data 
for adapting appropriately. 

An accelerated pace of protection will be 
needed for the ocean to provide the full range 
of benefits people want and need. ■ 
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Beyond known methanogens 

DNA sequences from a coal-bed reservoir show that 
methane can be generated by unexpected microbes 



By Karen Lloyd 

R ecent advances in DNA sequencing 
and analysis have shown that much 
of the microbial life on Earth differs 
from previously described organisms. 
The organisms in this “microbial dark 
matter” are globally ubiquitous and 
numerous but have largely unknown physi- 
ologies (1-4). Given their great evolutionary 
distance from all laboratory cultures, these 
mysterious organisms may harbor unique 
functions with potentially useful biotechno- 
logical applications. Like most environments 
on Earth, coal-bed reservoirs contain micro- 
bial dark matter. On page 434 of this issue, 
Evans et al. (5) show that members of the mi- 
crobial dark matter phylum Bathyarchaeota 



(6) from coal beds have the genetic potential 
to generate methane. 

Coal-bed methanogens, if properly nur- 
tured, could increase natural gas produc- 
tion from existing wells (7). Past studies of 
methane-generating microbes (methano- 
gens) in any environment, including coal-bed 
reservoirs, have searched for either taxo- 
nomic marker genes or methyl coenzyme M 
reductase (mcrA) genes found in cultivated 
methanogens (8). Any methanogen from a 
new taxonomic group, or one that performs 
methanogenesis by an as-yet-undiscovered 
pathway, will have been missed by these 
studies. 

Evans et al. now report the reconstruc- 
tion of two bathyarchaeotal genomes from 
DNA sequences derived from coal-bed reser- 
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voirs. This approach differs from past ones 
in that nearly all the DNA in the environ- 
ment is sequenced, so that genomes can be 
reconstructed without preselection bias. The 
mcrA genes that the authors ascribe to the 
Bathyarchaeota match the four-letter fre- 
quencies of the rest of the Bathyarchaeota 
genes in their study and thus do not belong 
to other microbes in the community. Ad- 
ditionally, the Bathyarchaeota mcrA genes 
differ significantly from all previously dis- 
covered mcrA genes. It is therefore likely 
that these genes, along with other genetic 
components of the methanogenic pathway, 
were transferred vertically (rather than be- 
ing brought in recently by a virus or a trans- 
poson). These genes thus likely originated 
before this ancient lineage diverged. 



All cultivated methanogens are members 
of a single phylum, the Euryarchaeota, in the 
domain Archaea (see the figure). Because 
methanogenesis only requires substrates that 
were abundant on early Earth, it is thought 
to be one of life’s earliest metabolisms (9, 10). 
Expanding methanogenesis to the Bathyar- 
chaeota provides support for this theory 
because it places the evolution of genes for 
methanogenesis before the divergence of the 
Euryarchaeota and Bathyarchaeota. 

Support for the placement of Bathyar- 
chaeota as a phylum-level group comes 
from their deeply branching evolutionary 
history (4, 6) and their broad environmen- 
tal distribution, ranging from the deep-sea 
subsurface to anoxic land environments (11). 
Another characteristic of phyla is that they 
contain species with diverse physiologies 
and ecological functions. Bathyarchaeota 
have been associated with degradation of 



protein-derived matter (4) and aromatics 
(6). By adding a third type of metabolism 
to the Bathyarchaeota, Evans et al. make it 
clear that it is a phylum-level group with a 
wide range of physiological capabilities. 

It is impossible to draw definitive proof 
that an organism performs a particular me- 
tabolism based on its genes alone. However, 
the Mcr protein inferred from the Bathyar- 
chaeota genome has many key features of the 
active site known to be essential for its func- 
tion in cultured methanogens. Furthermore, 
the presence of these organisms in a deep 
coal bed, where methanogenesis is known to 
occur, supports the possibility that this is a 
previously unknown type of methanogen. 

Evans et al. show that common micro- 
bial processes in the environment can occur 
through genes that have been completely 
missed in previous DNA-sequencing efforts. 
Most understanding of the roles of specific 
types of genes in the environment requires 
amplification. To be amplified, the target 
DNA sequence of the environmental DNA 
must match small strands of synthesized 
DNA (primers) that are designed to match 
all known target sequences. Because only the 
environmental DNA matching the sequence 
of those primers is amplified, this method 
will miss the target gene if it diverges 
strongly from the primers. 

Genomic sequencing of uncultivated mi- 
croorganisms has always held the promise 
of removing this preselection for known 
genotypes. The work by Evans et al. fulfills 
that promise. The mcrA gene they found in 
the Bathyarchaeota has 10 to 18 mismatched 
DNA bases with commonly used primers. 

Two or three mismatches are usually suf- 
ficient to prevent primer binding. Clearly, 
all known primers would have missed this 
particular mcrA gene. After the genomic bin 
showed them what to look for, Evans et al. 
found homologs of the novel methanogenesis 
genes in other coal-bed reservoirs, demon- 
strating the presence of previously uninvesti- 
gated forms of mcrA in those environments. 
Future investigations of this kind are likely to 
reveal further genetic adaptations to known 
metabolic processes, in addition to discover- 
ing new processes or combinations of pro- 
cesses not seen in pure cultures. ■ 
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Toward a rapid and reversible male pill 

Sperm-specific calcineurin is a novel fertility and contraceptive target 



By Julio Castaneda 1 ’ 2 3 and 
Martin M. Matzuk 1 ’ 2 > 3 ’ 4 ’ 5 ’ 6 

T he population of our planet con- 
tinues to rise at a rapid rate and is 
reaching unsustainable numbers. 
The Strategic Plan 2000 of the Na- 
tional Institute of Child Health and 
Human Development (NICHD) states 
that uncontrolled fertility “is one of the 
most pressing public health challenges fac- 
ing the world today” (1). However, while 
women have had the freedom to control 
their own reproductive destiny with the 
“pill” for more than 50 years, there remains 
no oral contraceptive for men. On page 442 
of this issue, Miyata et al. ( 2 ) demonstrate 
that genetic disruption of either the cata- 
lytic subunit (PPP3CC) or the regulatory 
subunit (PPP3R2) of sperm- 
specific calcineurin or short- 
term in vivo pharmacological 
inhibition with cyclosporine 
A or FK506 yields dysfunc- 
tional mouse sperm incapa- 
ble of proper motility toward 
the egg. 

An exciting feature of this 
new study is that both the 
genetic knockout and the 
small-molecule inhibitor 
leave the testes function- 
ally intact and only influ- 
ence sperm maturation in 
the epididymis (see the first 
figure), which is a reservoir 
for maturation and transit 
of the sperm once they exit 
the testis. This feature of the 
work therefore has the added 
benefit that small-molecule 
inhibitors of sperm-specific 
calcineurin could act both 
quickly and reversibly. 

Why is the work of Miyata 
et al. so globally important? 

During the time that the con- 
traceptive pill has been avail- 
y able to women, the world’s 
| population has increased 
| more than 2.4-fold, growing 
% from 3 billion people in 1960 
^ to over 7.2 billion today (see 
| the second figure). This con- 
| tinued high rate of popula- 
d tion growth (where the birth 



rate exceeds the death rate) calls into ques- 
tion whether every child born will have suf- 
ficient food, water, and education ( 3 ). In the 
United States, more than 50% of all women 
have experienced an unplanned pregnancy, 
and unlike other areas of the world, unin- 
tended pregnancy rates have not fallen (4). 
Contraception should be advocated glob- 
ally to curb this population explosion, and 
we must come up with new approaches to 
contraception. One such prospect is a male 
pill that targets the male reproductive tract 
in a reversible manner while both sparing 
the other cells in the body of a reproduc- 
tively healthy man and leaving the con- 
centrations of male reproductive hormones 
(e.g., testosterone) unaltered. 

Miyata et al. identified a potential avenue 
for the development of a male contracep- 



tive pill by targeting calcium signaling. Cal- 
cium signaling is important for many cell 
types, especially in the immune system. It 
is mediated by the calcineurin protein com- 
plex (5). Small-molecule inhibitors of calci- 
neurin, FK506 and cyclosporine A, have 
long been used to suppress the immune re- 
sponse following organ transplantation (6). 
In addition, both FK506 and cyclosporine 
A have adverse effects on sperm function in 
animals (7). Using mouse genetics, Miyata 
et al. were able to pinpoint the mechanism 
of decreased sperm function upon exposure 
to FK506 and cyclosporine A and the role 
of calcineurin in sperm production. 

Calcineurin is composed of a regulatory 
subunit and a catalytic subunit (8). Mam- 
mals contain three versions of the catalytic 
subunit (PPP3CA, PPP3CB, and PPP3CC) 
and only two versions of the 
regulatory subunit (PPP3R1 
and PPP3R2). Whereas most 
of these subunits are present 
in all cell types of the body, 
PPP3CC and PPP3R2 are 
relatively more abundant in 
the testis. Using different ex- 
perimental approaches, Mi- 
yata et al. demonstrated that 
PPP3CC and PPP3R2 form 
a testis-specific calcineurin 
complex that localizes to the 
sperm tail. 

When Miyata et al. de- 
pleted PPP3CC from mice 
using genetic tools, males 
became infertile, whereas 
females were unaffected. 
Testis morphology, sper- 
matogenesis, sperm counts, 
and sperm motility were 
not affected in mice lacking 
PPP3CC. In addition, sperm 
from these males could 
reach the site of fertiliza- 
tion in the female reproduc- 
tive tract, which seems at 
odds with the observation 
that males are sterile. Using 
video recordings and com- 
puter analysis, the authors 
found that sperm lacking 
PPP3CC have a subtle yet no- 
ticeable rigidity in the sperm 
tail (see the first figure, top 
right). Through careful anal- 
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ysis using in vitro fertilization, Miyata et al. 
discovered that these rigid sperm were un- 
able to penetrate the zona pellucida (a gly- 
coprotein layer surrounding oocytes). The 
infertility defect could be suppressed if the 
zona pellucida was removed. The offspring 
generated from this in vitro fertilization 
procedure had no abnormalities, which 
suggests that the sperm-specific calcineu- 
rin is not needed for normal development. 

In the next set of experiments, Miyata 
et al. used FK506 and cyclosporine A to 
pinpoint when functional calcineurin 
was needed in sperm development. When 
isolated sperm were exposed to these in- 
hibitors in vitro, sperm flexibility and fer- 
tilization rates were unaffected. However, 
when male mice were subcutaneously in- 

Billions and billions 

The global population growth by decade since 1950 



jected with these inhibitors, rigid sperm 
appeared as early as 4 days after adminis- 
tration. In normal sperm production, the 
final maturation steps (which span 10 days 
in the mouse) occur in the epididymis of 
the male reproductive tract. The appear- 
ance of rigid sperm after 4 days suggests 
that calcineurin function is needed dur- 
ing these final maturation steps. The most 
exciting finding from a human health per- 
spective is that sperm flexibility and fertil- 
ization rates recovered completely within 7 
days of cessation of administration of these 
drugs. The rapid inhibition of male fertility 
and its reversibility identify the sperm-spe- 
cific calcineurin complex as a tantalizing 
male contraceptive target 
Although the study of Miyata et al. has 
global implications in identifying the pos- 
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sibility of generating a male contraceptive 
pill by targeting sperm-specific calcineurin, 
several important considerations remain. 
One major issue is the similarities between 
the testis-specific calcineurin and the cal- 
cineurins present in other cell types. An 
effective and safe male contraceptive pill 
will need to target only testis-specific cal- 
cineurin, as global inhibitors of this com- 
plex have (undesirable) effects elsewhere in 
the body. Another consideration is public 
attitudes regarding gender-specific stereo- 
types toward a “male pill.” Men worldwide, 
especially those in long-term relationships, 
may be more accepting of taking a pill that 
renders them only temporarily “infertile” 
(i.e., if the potential of rapid reversibility 
can be demonstrated, as in Miyata et al.), 



and there are also economic benefits of 
family planning that does not rely only 
on the woman to be solely responsible for 
contraception 

Uncontrolled fertility has been identified 
as a pressing public health issue facing this 
and future generations worldwide (9). For 
the previous 50 years, contraceptive pills 
have only been available to half the popula- 
tion (women). While a male “pill” is many 
years away, the study of Miyata et al. lays the 
groundwork for research into the production 
of new small-molecule contraceptives. ■ 
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SYSTEMS BIOLOGY 

Systems 

biology 

(uncertainties 

How can modelers restore 
confidence in systems and 
computational biology? 

By P. D. W. Kirk, 1 * A. C. Babtie, 2 * 

M. P. H. Stumpf 2 * 

S ystems biology, some have claimed 
(J), attempts the impossible and 
is doomed to fail. Possible defini- 
tions abound, but systems biology is 
widely understood to be an approach 
for studying the behavior of systems 
of interacting biological components that 
combines experiments with computational 
and mathematical reasoning. Modeling 
complex systems occurs throughout the 
sciences, so it may not be immediately clear 
why it should attract greater skepticism in 
molecular and cell biology than in other 
scientific disciplines. The way in which 
biological models are often presented and 
interpreted (and overinterpreted) may 
be partly to blame. As with experimental 
results, the key to successfully reporting 
a mathematical model is to provide an 
honest appraisal and representation of 
uncertainty in the model’s predictions, pa- 
rameters, and (where appropriate) in the 
structure of the model itself. 

Deriving mathematical models in biol- 
ogy is rarely straightforward. Although 
biology is, of course, subject to the same 
fundamental physical laws— for example, 
conservation of mass, energy, and momen- 
tum— as the other sciences, these laws of- 
ten do not provide a good starting point for 
understanding how biological organisms 
and systems work. Biological modeling is 
an example of the so-called inverse prob- 
lem (i), and instead emphasizes context- 
specific levels of abstraction and relies 
upon experimental observations to decide 
if a particular model is useful. 

Typically, not all terms or parameters in 
a biological model are known or observ- 
able directly, and— except for some highly 
specific systems— the abundances of all the 
key players (molecules, cells, or individu- 
als) cannot be measured simultaneously 
and continuously. Thus, despite being of- 
ten overlooked, the challenge is not only 
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to identify suitable mathematical descrip- 
tions of biological systems (such as gene 
regulatory networks) and mathematical 
representations of such systems that pro- 
vide mechanistic insight, but also to com- 
municate the inevitable uncertainty in 
the model’s (possibly many) unknowns. 
Although substituting these unknowns for 
estimates obtained from exogenous experi- 
mental assays that are related to the biolog- 
ical system in question has been advocated 
( 2 ), this is usually fraught with problems: 
It is often impossible to perform all of the 
necessary experiments to measure missing 
parameters directly; frequently these mea- 
surements are themselves subject to con- 
siderable uncertainty, or are only possible 
to make under very different conditions; 
and the approach misses an opportunity to 
extract this information from the original, 
and potentially most relevant, experimen- 
tal data. In this context, Bayesian inference 
procedures ( 3 ), which naturally permit the 
integration of external prior knowledge 
or beliefs with newly observed data, may 
provide the most natural framework for 
expressing and reporting uncertainty, and 
for this reason have become increasingly 
popular in systems biology. For example, a 
recent application provides insight into a 
debated mechanism for the way in which 
organisms may ameliorate dangerous dam- 
age to mitochondrial DNA ( 3 ). 

The number of unknowns in a model 
is partly determined by the scale of the 
system being studied. A biological system 
may range in scale from a few interacting 
molecules to whole populations of organ- 
isms, and this can have a huge impact on 
both the modeling approach and the as- 
sociated assessment of uncertainty (see 
the figure). For small systems, it might 
be possible to rely solely on strong prior 
knowledge and specify a model structure 
that reflects known interactions. For larger 
systems, automated “network inference” al- 
gorithms have been employed ( 4 , 5 ). These 
aim to identify statistical dependencies, 
such as those between messenger RNA 
expression measurements, to highlight 
potential (co)regulatory interactions. But 
here, too, information about known tran- 
scription factor targets can be used as as 
prior information to guide network infer- 
ence. These data-driven, hypothesis-gener- 
al ating approaches for creating a biological 
| model from data alone are often opposed, 
| because as the biological systems in ques- 
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tion become larger and more complex, it 
becomes increasingly impossible to learn 
the “true” and complete underlying net- 
work ( 1 ). However, this opposition seems 
to be predicated upon misconceptions of 
the aims of large-scale network inference, 
which are typically to highlight and explore 
dependencies in data sets— and thereby 
help to generate new hypotheses worthy 
of further investigation— rather than to 
uncover a single grand unifying model of 
the system. Unfortunately, not all network 
inference algorithms are equally effective, 

Question 



How does factor X affect 
proliferation of cell type Y? 



Scales of biological systems 

Populations of organisms 
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Abstraction and simplification. Mathematical models 
usually represent elements of a biological system at one 
scale. Choosing the appropriate degree of abstraction 
and simplification can be influenced by current 
knowledge about the system, the quality and quantity 
of experimental data, the computational demands of a 
particular modeling approach, and the modeling aims. 
For example, when studying a signaling pathway, the 
scope of the model may be restricted to a single pathway 
or it might include the influence of parts of a wider 
interconnected network of signaling pathways. 



and the most popular approach— using 
the correlation among expression levels of 
genes ( 6 )— results in a particularly poor ba- 
sis on which to conduct further studies, let 
alone mechanistic models. Several alterna- 
tive network inference approaches exist ( 4 , 
5 ) that provide better, more robust candi- 
date networks, and can incorporate expert 
or domain knowledge. These methods may 
be used to investigate gene-regulatory re- 
lationships, and how interactions between 
genes change over time or differ between 
disease cases and healthy controls. 

Although large-scale grand unifying 
biological models have occasionally been 
sought (for example, whole-cell models, 
which are designed to be comprehensive 
models of cells that are expressed in terms 
of each cell’s molecular components) (7), 
these efforts remain the exception and only 
exist in early draft forms. Many challenges 
remain for models of such scope, including 
how to validate their quality and adequately 
report the uncertainty in both their overall 
global structure and their implied submod- 
els. Whatever the scale of the system and 
data set, many different models are likely 
to provide plausible fits, while still remain- 
ing consistent with current knowledge. 
Even for a small-scale (five-gene) regulatory 
network, it can be possible to find tens of 
thousands of models that provide qualita- 
tively perfect fits even to dense, low-noise 
data sets, but that yield a variety of (often 
contradictory) insights into the regulatory 
relationships between genes ( 8 ). Assessing 
robustness of predictions and inferences 
across multiple alternative models can 
therefore be illuminating ( 8 - 10 ), provided 
the conclusions are still understood to be 
dependent on the particular set of models 
that are specified, and influenced by the ex- 
periments that are chosen ( 11 , 12 ). 

Models should not be expected to work in 
every conceivable context, and the most ex- 
citing results are frequently those that break 
existing models. Model uncertainty, as char- 
acterized by the ability to identify multiple 
models that explain current observations, 
therefore calls for the design of maximally 
discriminative experiments that will break 
as many models as possible ( 12 , 13 ). For ex- 
ample, dose-response curves typically pro- 
vide too little discriminatory power, whereas 
carefully designed time-resolved analyses al- 
low the study of even complicated models, 
such as proteasomal dynamics ( 14 ). 

Many of the criticisms of model develop- 
ment in systems biology stem from a lack 
of appreciation of the variety of roles that 
can be played by mathematical modeling ( 1 ). 
This is partly driven by overstating implica- 
tions and consequences of models, perhaps 
due to poor understanding of the power of 



SCIENCE sciencemag.org 



23 OCTOBER 2015 • VOL 350 ISSUE 6259 387 



Published by AAAS 



INSIGHTS | PERSPECTIVES 



NANOSAFETY 

How safe are nanomaterials ? 

There is still no consensus on the toxicity of nanomaterials 



modern statistical approaches and machine 
learning. Overstating can also be attrib- 
uted to a lack of understanding the value 
of reporting uncertainties. Frequent falla- 
cies and bad practices continue to thrive, 
including the use of correlation to capture 
causal relationships, failure to address the 
multiple comparison problem (for example, 
when testing for the presence of potential 
regulatory interaction among all pairs of 
genes, one cannot apply standard hypoth- 
esis testing, which would result in excessive 
numbers of false-positives; to prevent this, 
the threshold for significance must be ad- 
justed to account for the large number of 
tests carried out), and a lack of error bars or 
more general confidence sets/intervals (8) 
for parameters and models. 

Models are simplified (but not simplistic) 
representations of real systems, and this is 



“ Deriving mathematical 
models in biology is rarely 
straightforward.” 

precisely the property that makes them at- 
tractive to explore the consequences of our 
assumptions, and to identify where we lack 
understanding of the principles governing 
a biological system. Models are tools to un- 
cover mechanisms that cannot be directly 
observed, akin to microscopes or nuclear 
magnetic resonance machines (15). Used 
and interpreted appropriately, with due at- 
tention paid to inherent uncertainties, the 
mathematical and computational model- 
ing of biological systems allows the explo- 
ration of hypotheses. But the relevance of 
these models depends on the ability to as- 
sess, communicate, and, ultimately, under- 
stand their uncertainties. ■ 
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By Eugenia Valsami- Jones and Iseult Lynch 

E ngineered nanomaterials are widely 
used in consumer products such as 
cosmetics, paints, fabrics, and elec- 
tronics. Because of their small size 
(diameter <100 nm), they often have 
unusual properties. Once released 
into the human body or the environment, 
they are also fiendishly difficult to find 
again. In 2006, Nel et al. described possible 
mechanisms by which engineered nanoma- 
terials interact with biological entities and 
the toxicological responses that may be trig- 
gered (1). Despite much research since then, 
mechanistic understanding remains lim- 
ited. Evidence for acute toxicity from nano- 
materials at realistic doses is limited; there 
also is no simple correlation between toxic 
responses and nanoparticle size or other 
predictable pattern of toxicity. For answers 
to emerge, the nanosafety community must 
embrace recent technical advances and 
build consensus on testing methodologies. 

Upon entering the environment, some 
engineered nanomaterials, such as met- 
als (silver, copper) and metal oxides (zinc 
oxide, iron oxide), may dis- 
solve quickly, whereas oth- 
ers are more persistent (for 
example, titanium dioxide, 
silicon dioxide, carbon nano- 
tubes, and graphene). From 
a safety point of view, solu- 
ble nanomaterials represent 
a best-case scenario, because 
any hazard from exposure is 
likely to be no different from 
that of their constituent ions. 

Given their small size and 
the limited quantities used 
in applications, such release 
is unlikely to amount to a 
major environmental threat. 

Direct exposure of humans 
or organisms would, how- 
ever, still be a concern, par- 
ticularly if the nanomaterials 
were internalized by cells as 
particles, only to dissolve 
and deliver toxic metals in- 
side the cell after entry— a 
mechanism known as “Tro- 
jan horse” (2) (see the sec- 
ond figure) in analogy with 
Greek mythology. 



The Trojan horse effect is specific to the 
nanometer scale and results from the poten- 
tial of small particles to be actively internal- 
ized by cells via inadvertent recognition by 
cellular receptors. It remains unclear how 
prevalent such nanospecific effects are. In a 
recent review, Notter et al. found that most 
published ecotoxicity studies report no more 
harm from engineered nanomaterials than 
from their dissolved metal counterparts ( 3 ). 
However, some of these studies may have 
missed subtle effects or failed to monitor the 
fate of nanomaterials and ensure exposure 
throughout the experiment. The review also 
considered only three types of nanomaterials 
(Ag, CuO, and ZnO). 

Even a casual survey of the literature 
would find many studies reporting a nano- 
specific effect. For example, uptake of silver 
nanoparticles by snails differs from that 
of dissolved ions and depends on whether 
the snails are exposed to them through 
their diet or via water that they consume 
(4). Also, some engineered nanomaterials 
may cause damage to the digestive or pul- 
monary system of different organisms and 
humans ( 4 , 5) and even to secondary or- 
gans, such as the liver, after 
translocation (5). At the bot- 
tom of the food chain, algae 
take up metal nanoparticles 
in fundamentally different 
ways from dissolved met- 
als (Zn, Cu, Ag) (6). In the 
case of nanoparticles, metal 
concentrations were highest 
in the cell walls, whereas for 
dissolved metals, concentra- 
tions were highest in the 
cell. However, for all metals, 
toxicity was the same for 
both types of exposure. 

Aging of nanoparticles 
is another recently discov- 
ered issue. For example, 
Stegemeier et al. have re- 
ported very different up- 
takes of pristine and aged 
particles by plants (7). Most 
published work to date has 
focused on pristine nano- 
materials, which can be 
structurally and chemically 
distinct from their aged 
counterparts (see the first 
figure) and may thus have 




Young and old. Nanomaterials 
change or “age” upon release into 
the environment, as shown here for 
ceria nanoparticles. Data for the 
pristine nanomaterial are therefore 
meaningless for interpreting the 
environmental and toxicological 
impacts of the aged form. 
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Nanoparticle complexity. Schematic illustration of the competing environmental transformation and organismal uptake processes that occur for a nanomaterial in aquatic 
environments, illustrated using a silver nanoparticle. 



different toxicity. The nanosafety com- 
munity must demonstrate biological and 
environmental relevance of the studied 
nanomaterials, especially if aging is insuf- 
ficiently accounted for. This will not be easy, 
because consensus in the literature is often 
lacking even for pristine nanomaterials (8). 

Nanosafety is of course no different from 
many other areas of science where issues 
with reproducibility occur. Openness and 
data sharing can go a long way toward re- 
solving the issues ( 9 ). The nanosafety com- 
munity could benefit from harmonization of 
methodologies and approaches, given that in 
this young field, there is no consensus even 
on basic laboratory protocols. Characteriza- 
tion must also be sufficiently detailed, par- 
ticularly given that recent studies linking 
nanomaterial structure with toxicity point 
to subtle physicochemical characteristics 
(such as redox activity, band gap energy, and 
surface properties) not included in routine 
characterization {10). A recent review by the 
Organisation for Economic Cooperation and 
| Development (OECD) also concluded that 
| standardized hazard testing methods must 
| be critically revised to correctly address haz- 
% ards from engineered nanomaterials {11). 
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Recent advances may point the way to- 
ward resolution and consensus. In particular, 
genomic approaches enable hypothesis-in- 
dependent discovery of potential toxicity 
pathways. Ivask et al. recently used such an 
approach to demonstrate not only differ- 
ences between ionic and nanoparticle toxic- 
ity, but also different mechanisms of toxicity 
triggered by different forms of nanomaterial 
surface modification {12). These methods 
allow subtle effects to be picked up and at- 
tributed correctly. 

High-throughput screening techniques 
also hold great potential, enabling faster and 
more reproducible toxicity testing of engi- 
neered nanomaterials {13). Further progress 
is likely from novel approaches to quantita- 
tive structure-activity relationships (QSARs), 
computational models that link specific 
structures or properties to the responses that 
they elicit. The models can, for example, use 
the specific combination of proteins and their 
relative concentrations on a nanomaterial’s 
surface (the “corona”) to predict its potential 
for cell association and internalization {14). 
Mechanistic models of toxicity could be the 
ultimate weapon against uncertainty, if they 
provide a reproducible link between specific 
nanomaterial features and a particular bio- 
logical response; a less toxic material might 
then result from “designing-out” features 
identified as causing toxicity (15). 



Nanosafety research has reached a 
crossroads, with opportunities still com- 
promised by uncertainties, but with great 
potential for answers to emerge from ap- 
plication of state-of-the-art approaches. 
Future success will depend on converting 
laboratory and field discoveries into com- 
putational models and on ensuring that 
consistent language is used to describe 
these findings. This will ensure reliable an- 
swers to the question of nanomaterials tox- 
icity and allow prediction of toxicity from 
structure and/or properties. ■ 

REFERENCES 

1 . A. Nel.T.Xia, L. Madler, N. Li, Science 311 , 622 (2006). 

2. Z.Wangefa/., ACS Nano 7, 4171 (2013). 

3. D. A. Notter, D. M. Mitrano, B. Nowack, Environ. Toxicol. 
Chem. 33,2733(2014). 

4. M. N. Croteau, S. K. Misra, S. N. Luoma, E. Valsami-Jones, 
Environ. Sci. Technol. 45 , 6600 (2011). 

5. H. M. Braakhuis, M. Park, I. Gosens, W. H. De Jong, F. R. 
Cassee, Part. Fibre Toxicol. 11 , 18 (2014). 

6. G. K. Biel myer- Fraser, T. A. Jarvis, H. S. Lenihan, R. J. Miller, 
Environ. Sci. Technol. 48 , 13443 (2014). 

7. J. P. Stegemeieref al., Environ. Sci. Technol. 49, 8451 
(2015). 

8. H. F. Krug, Angew. Chem. Int. Ed. 53 , 12304 (2014). 

9. S. Buck, Science 348 , 1403 (2015). 

10. A. E. Nel etai., ACS Nano 9, 5627 (2015). 

11. E. J. Petersen etai., Environ. Sci. Technol. 49, 9532 (2015). 

12. A. Ivask etai., ACS Nano 8, 374 (2014). 

13. G. Harris ef al., Nanotoxicology 9, 87 (2015). 

14. C. D. Walkey etai., ACS Nano 8, 2439 (2014). 

15. B. Sun etai., ACS Nano 9, 9357 (2015). 



10.1126/science. aad0768 



23 OCTOBER 2015 • VOL 350 ISSUE 6259 389 



Published by AAAS 









BOOKS et al. 






‘ i * , # * 

“f- 

m • -- 



PHYSICS 



Dark mattejjn the galaxy 
cluster Cl 0024+17 distorts 
the light of more distant 
galaxies, an optical illusion 
called gravitational lensing. 



The dark side of the universe 

A provocative theory takes readers on a journey 
through the cosmos 



By Jan Smit 1 * and Renske Smit 2 

I o put us, as book reviewers, in context, 
like many scientists, we study our sur- 
roundings in an effort to understand 
where we came from. Jan, the histori- 
cal geologist, likes to begin with the 
birth of our solar system 4.56 billion 
years ago. Before that, in his mind, there was 
nothing. Renske, the astrophysicist, works 
on much larger time scales, beginning with 
the birth of the earliest galaxies 13.2 billion 
years ago. For her, our solar system is just a 
little speck in recent history. It is therefore 
rare to come across a publication that piques 
the interest of both of us. Such was the case 
with particle physicist Lisa Randall’s new 
book, Dark Matter and the Dinosaurs. 

The first thought that crossed both our 
minds when reading the title of this book 
was: “Oh, no, not again, another outlandish 
proposal for the extinction of dinosaurs....” 
However, we were relieved to find that, right 
from the start, Randall dismisses almost all 
connections between dark matter and the 
mass-extinction event that wiped out the di- 
nosaurs. Instead, the book takes the reader 
on a journey through the cosmos, describing 
what we know about dark matter and what 
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more we are poised to learn as new and bet- 
ter equipment becomes available. 

Randall starts with an outline of “The Big 
Questions”: Why is there something rather 
than nothing? What happened during the 
Big Bang? What came before the Big Bang? 
She explains that there has to be dark mat- 
ter because the behavior of merged galaxy 
clusters like the Bullet Cluster cannot be 
explained otherwise. She skims through 
the Big Bang, cosmic inflation, and how the 
galaxies formed when normal matter hitch- 
hiked along with dark matter to form the 
seeds of the first stars. Without dark matter, 
we learn, our Milky Way and Earth as we 
know it would not exist. 

Having covered the creation of stars, the 
book turns to our solar system. Here, Ran- 
dall vividly describes the comets and as- 
teroids that have hit or will hit Earth. She 
recounts how meteorites may have brought 
essential amino acids and perhaps some 
water to Earth and describes the Chicxulub 
asteroid/comet and its role in the mass ex- 
tinction at the end of the Cretaceous. The 
story of the Chicxulub impact and its role in 
the extinction of the dinosaurs is highly en- 
tertaining and largely correct. 

In the last chapters of the book, Randall 
outlines an important new way of think- 
ing that applies to the search for viable 
dark matter models. The only way to find 
out whether something is allowed or even 
preferred is to evaluate the consequences 
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of new assumptions and determine their 
experimental implications. Although obser- 
vations indicate that dark matter consists 
of a mostly noninteracting substance, no 
experiment can currently rule out that dark 
matter may have a weak interaction with its 
own particles or, alternatively, that a small 
fraction of particles of dark matter have a 
moderately large interaction with one an- 
other. If true, these new models would be 
an extension of current theories, some of 
which can be tested in new experiments 
over the next few years. 

One model explored in this book shows 
how a narrow disk of dark matter in the 
galactic plane could potentially explain the 
periodicity in the crater records on Earth 
and could have contributed to the impact 
66 million years ago that generated the 
mass extinction of the dinosaurs. Randall 
is quick to admit that the data that favor 
such a model are still tenuous and that the 
theory requires further testing. So does that 
mean that dark matter and dinosaurs are 
connected? Likely not, although there is a 
chance that they could be. In the end, draw- 
ing a definitive connection between the two 
is not really the aim of the book. 

Randall has a manner of writing that is 
pleasant and compelling: Cliff-hangers at the 
end of each chapter reel you into the next. 
Her method of using everyday situations 
as metaphors for explaining complicated 
concepts in physics is also very effective. 
For example, she describes how scientists 
know that dark matter is present in much 
the same way that you may be able to infer 
that George Clooney is in busy downtown 
New York: You may not see, smell, or hear 
him, but you can observe that all faces on the 
street are directed toward him. 

Despite the provocative title, the scien- 
tific reasoning set out in this book is sound 
and interesting. Randall succeeds in guid- 
ing the reader through the history of the 
cosmos and the Earth from the Big Bang to 
the emergence of life as we know it in a fun 
and captivating way. The rich metaphors 
and personal anecdotes peppered through- 
out the book make this a very enjoyable 
read for both lay readers and scientists of 
various backgrounds. 

10.1126/science. aad2604 
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INSIGHTS 



SCIENCE COMMUNICATION 

The storytelling scientist 

Practical tools for crafting compelling scientific narratives 



Houston, We Have a 
Narrative 

Randy Olson 
University of Chicago Press, 
2015. 260 pp. 




By Rafael E. Luna 

I n Randy Olson’s new book, Houston, 
We Have a Narrative , he boldly states 
that the single biggest problem facing 
science today is “narrative deficiency” 
“Science is a narrative process,” he ar- 
gues, “...therefore science needs a story.” 
I agree that narratives have not been uni- 
versally adopted in scientific communica- 
tions, yet that tide appears to be turning. 
Houston, We Have a Nar- 
rative fits into a growing 
list of publications, sci- 
entific conferences, and 
academic institutions 
encouraging scientists to 
integrate narrative ele- 
ments into research and 
public communications. 

A former tenured pro- 
fessor, Olson left aca- 
demia for Hollywood in 
1994. This book offers his 
insights gained from over 
20 years of experience as 
a writer and director. In 
the book, Olson presents 
a series of anecdotes and 
useful tools that provide 
a strong justification for 
incorporating storytell- 
ing into science. 

Olson begins by show- 
ing the reader how the 
“Introduction-Methods- 
Results-And-Discussion” 
or “IMRAD” approach 
for publishing research 
manuscripts is basically 
a narrative structure. “It 
is simple in form and essentially identi- 
cal to the three-act structure that is at the 
heart of virtually every movie or play writ- 
ten today,” he argues. “It is the structure of 
a story, which has a beginning (I), middle 
(M&R), and end (D) .” 

In an effort to preempt boisterous crit- 
ics who fear that narratives will overrun 
and dilute scientific data, Olson spends a 
o considerable portion of the book describ- 



§ The reviewer is the author of The Art of Scientific Storytelling: 
2 Transform Your Research Manuscript with a Step-By-Step 
| Formula (Amado International, Cambridge, 2013). E-mail: 
q: rafael_luna@hms.harvard.edu 



ing why a lack of narrative in science is 
a problem and why better narratives 
could mean better scientific communi- 
cation. He outlines how bad storytelling 
and exaggerated claims negatively affect 
the scientific enterprise and describes the 
difficulty that scientists often experience 
as they struggle to effectively communi- 
cate their data. He then sets the stage for 
Hollywood to aid scientists in the devel- 
opment of their narratives. 



Among the communication strategies 
that he discusses is the “And, But, There- 
fore” or “ABT” method, which Olson ar- 
gues is a concise and compelling way to 
describe one’s research. “A scientist could 
say, for example, T can tell you that in 
my laboratory we study physiology AND 
biochemistry, BUT in recent years we’ve 
realized the important questions are at 
the molecular level, THEREFORE we 
are now investigating the following mo- 
lecular questions....’” He contrasts the 
ABT method with the “And, And, And” or 
“AAA” structure (“People are walking AND 
some have dogs AND some are alone...”), 



which Olson suggests is a tedious contin- 
uum of data. 

Olson also describes a method for 
identifying the central theme of your sci- 
entific message via a technique he dubs 
“The Dobzhansky Template” in reference 
to the famous quote from the geneticist 
Theodosius Dobzhansky, “Nothing in bi- 
ology makes sense except in the light of 
evolution.” Olson argues that if you can 
effectively tell a granting agency that 
nothing in [insert your 
field here] makes sense 
except in light of [in- 
sert your work here], 
“you’re probably going 
to get their attention.” I 
would counter that if a 
scientist were to use this 
type of language in a 
grant application, he or 
she may be criticized for 
making statements that 
are a bit far-reaching. 
However, this approach 
would be appropriate 
in settings such as at a 
dinner party or a com- 
munity outreach event. 

Do scientists need to 
improve their scientific 
communication? The 
answer is a resounding 
“yes.” However, when 
crafting a scientific nar- 
rative, it is important to 
proceed with the same 
caution and precision 
as one would approach 
a scientific experiment 
and to remember that 
a narrative is only as good as the data on 
which it is based. 

As a minor point of clarification, the 
book could have done a better job of de- 
scribing which tools would work best 
for which audiences. Nonetheless, Olson 
presents useful narrative techniques that 
scientists at various career stages could 
easily implement. The speed with which 
scientists can hope to achieve narrative 
proficiency using the tools in the book is 
one of its remarkable strengths and a tes- 
tament to Olson’s straightforward advice. 

10.1126/science.aad2179 




“...when crafting a scientific narrative, it is important 
to proceed with the same caution and precision as 
one would approach a scientific experiment...” 
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Edited by Jennifer Sills 

Iran’s environment 
under siege 

THE SPECIAL ISSUE on Science in Iran (4 
September, Editorial by M. Farhadi, p. 1029 
and News Feature by R. Stone, p. 1038) 
highlights the promise of a new era for my 
country However, to achieve that promise, 
Iranians must learn how to be environmen- 
tal stewards. 

When I was growing up in Senejan village 
near Arak, 260 km south of Tehran, our 
community depended on qanats— ancient 
tunnels for transporting water from aquifers 
to settlements. But by the 1970s and 1980s, 
those qanats had been drained by Arak’s 
rapid industrialization and heavy water 
consumption. 

Before the 1980s, Iran had 18 dams 

(1) . Now it has 647 dams, with 146 more 
under construction and 537 in planning 

(2) . Campaigns against dam construction 
in Iran started in 2004, when nongov- 
ernmental organizations, activists, and 
scientists protested the loss of the Tange 
Bolaghi (3) archaeological sites submerged 
by Sivand Dam in Fars Province, as well 
as the dam’s threat to Persepolis and 
Pasargadae, UNESCO World Heritage Sites. 
The dam also led to the drying up of lakes 
and wetlands, submergence of forests, 
and desertification (4). Because of desicca- 
tion of wetlands, dust storms commonly 
blight large swathes of Iran. On 8 February 
2015, the entire city of Ahvaz, the capital of 
Khuzestan Province, was covered by yellow 
soil (5). Ahvaz now ranks first on the list of 
the world’s most polluted cities according to 
the World Health Organization (6). 

The outcry over dams reached a cre- 
scendo with the $3 billion Gotvand Dam, 
built on a saline formation, now operating. 
The dam increased the salinity of the Karan 
River, damaging cropland in Khuzestan 
Province. Extensive damming combined 
with groundwater pumping from approxi- 
mately 780,000 wells has ravaged aquifers, 
decreasing Iran’s water table by around 
20 m and accelerating subsidence (7). Water 
consumption stands at 85% of renewable 
resources. 

Another practice that degrades Iran’s 
nature is overgrazing. According to official 
statistics, Iran has 90 million grazing live- 
stock— 2.2 to 3.5 times the country’s grazing 
capacity (8, 9 ). Many rare plants are threat- 
ened, and the denuded land is a source 
of dust and prone to catastrophic floods, 
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Seimareh Arch Dam, western Iran 



including one on 19 July 2015, in which 18 
people were killed (10). In Iran, soil erosion 
from flooding, wind, agriculture, and graz- 
ing amounts to approximately 25 tons per 
hectare a year, 4.3 times more than world 
average (11). 

When sanctions are lifted, Iran must 
implement new strategies to reduce the 
pressures on its fragile environment. 

HosseinAkhani 

School of Biology, University of Tehran, Tehran, Iran. 

E-mail: akhani@khayam.ut.ac.ir 
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Iran’s education and 
research potential 

I WAS INTRIGUED by R. Stone’s 4 September 
News Feature “Unsanctioned science” (p. 
1038). Nonetheless, as an American profes- 
sor born and raised in Iran, I felt that Stone 



overlooked certain factors that affect Iran’s 
higher education and scientific R&D. 

First, in my opinion, despite having 
endured an imposed 8-year-long war, three 
decades of sanctions, and myriad limitations 
from within and without, Iran has invested 
heavily in the pursuit of higher education 
and scientific R&D as a matter of national 
priority and pride. This, unrivaled in the 
region, is evident in Iran’s skyrocketing 
publications and citations, the proliferation 
of college graduates and entrepreneurs, 
and— unfortunately for Iran but fortuitously 
for the West— brain drain to renowned uni- 
versities and corporations abroad. 

Second, inconsistent standards among 
degree programs, in addition to nepotism 
in elite college seating and scarce job 
placements, have demoralized, disenfran- 
chised, and even curtailed opportunities for 
independent scholars, many of whom have 
returned home after establishing their cre- 
dentials overseas. Consequently, even though 
the nation’s higher education student capac- 
ity has exceeded 4.5 million (1), hundreds 
of thousands of college seats remain vacant 
every year, because more than 30% of college 
graduates are unemployed (2). 

Third, many in Iran seek a doctorate 
degree to achieve stature and grab power 
rather than to serve the nation. This is 
anathema to the Persian values of humil- 
ity and modesty upheld not only by many 
contemporary Iranian scientists and scholars 
worldwide, but also by classical Iranian 
scholars such as al-Khwarizmi (Algorithm), 
Avicenna, Razes, Rumi, Khayyam, and al- 
Birani since antiquity (3, 4). 

Finally, 60% of college students— even 
in medicine, health care, science, and 
engineering— are women. Closing the 
still-present gap for equal opportunities in 
postgraduate studies and employment will 
ensure a robust workforce as Iran moves 
into the 21st century (5, 6). 

With the recent “nuclear deal” (7) and 
the expected removal of U.N. and U.S. 
sanctions, I hope that Iran will once again o 
fully (re-)gain its duly earned stature in the | 
international community. I further trust | 

that organizations such as the Institute £ 

for International Education, the Fulbright 1 
Board, and the Peace Corps will enhance ^ 

m 

scientific and cultural exchanges between | 
Iran and the West. Tens of thousands of S 

Iranian expatriate professors and scholars in § 
the West are well prepared to play a pivotal gj 

GO 

role toward that mutual endeavor. g= 
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With moralizing gods, 
exclusion reigns 

WE ARE PUZZLED by some aspects of “Birth 
of the moralizing gods” (L. Wade, News 
Feature, 28 August, p. 918). It is true that a 
moralizing religion may enhance generosity 
and reduce the likelihood of cheating, but 
most often these behaviors are expressed 
only among coreligionists. Meanwhile, it is 
exactly this kind of selectivity and bias that 
can inhibit cooperation when large social 



scale entails ethnic and religious diversity, as 
it typically does today and has in the past. 

Wade cites Muslim traders in Africa, 
studied by Jean Ensminger, as an example 
consistent with the “Big Gods” hypothesis 
that religion promotes cooperation. Yet, if 
we take a broader view of Muslim trader 
cooperation within the larger framework 
of complex society, we see that religion was 
a path to social exclusion, not cooperation 
(7). As Ensminger discovered, the high cost 
of religious conversion to Islam served to 
restrict access to the profits of the long- 
distance trade to a small number of success- 
ful and privileged merchants. 

To foster cooperation at the scale of soci- 
ety requires social architects to devise ways 
to overcome social and cultural heterogene- 
ity and the resulting potential for exclusion 
and bias. Clearly this is a difficult task, as we 
see every day in the numerous failed states 
ravaged by religious sectarian conflict. In the 
language of collective action theory, in this 
kind of situation, the goal of social construc- 
tion is to overcome the “assurance problem,” 
referring to how cooperation will be limited 
unless potential cooperators feel confident 
that the behavior of other group members 
will be consistent with collective benefit 



[e.g., (2)]. In cases of religious and ethnic 
heterogeneity, cooperation is enhanced 
when persons across ethnic and religious 
divides are confident that their interests will 
be recognized and that they will be accorded 
voice and meaningful forms of participation 
in the civic life of the community. 

In ancient Egypt, the state’s leader- 
ship was not concerned with solving the 
assurance problem. They didn’t have to. 

The pharaohs maintained overwhelming 
control of society’s wealth and political and 
military apparatuses, and they were able to 
sustain inequality in part through religious 
beliefs and rituals that endowed them with 
near-divine status. This kind of domineer- 
ing and highly centralized state-building 
should never be construed as an example of 
cooperation at the scale of society. 
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False-color TEM image 
of chloroplasts (green) 
undergoing various 
levels of degradation 



CHLOROPLASTS 



Quality control one 
chloroplast at a time 



H ow do plant cells get rid of 

chloroplasts that are not work- 
ing as they should? Woodson 
etal. describe a chloroplast 
quality-control pathway that 
allows for the selective elimination 
of individual chloroplasts. Damage 
by reactive oxygen species during 
photosynthesis is recognized by a 
ubiquitin ligase, which marks out 
damaged chloroplasts for degrada- 
tion. The findings reveal how cells 
balance inherently stressful energy 
production with organelle turnover. 

— SMH 



Science, this issue p. 450 



INNATE IMMUNITY 

Inflammasomestake 
the wheel 

Cells require microbial ligand 
binding to sense pathogens 
(see the Perspective by Liu and 
Xiao). Binding to the family 
of NOD-like receptors trig- 
gers the assembly of large 
protein signaling complexes 
called inflammasomes, lead- 
ing infected cells to die and 
produce inflammatory media- 
tors. Hu et al. and Zhang et al. 
use cryo-electron microscopy 
to uncover the structural and 
biochemical basis of two such 
receptors: NAIP2, which directly 
binds microbial ligands, and 
NLRC4, a protein function- 
ing directly downstream. A 
self-propagating activation 
mechanism of downstream 
inflammasome signaling starts 
with one molecule of NAIP4 



directly binding its microbial 
ligand. NAIP4then catalyzes 
the activation of 10 to 12 NLRC4 
molecules to form a wheel-like 
structure. — KLM 

Science, this issue p. 399, 404; 

see also p.376 



SUPERCONDUCTIVITY 

A 3D approach to make 
2D superconductors 

When the thickness of a 
superconducting film becomes 
comparable to the typical 
size of its electron pairs, its 
superconductivity enters a 
two-dimensional (2D) regime. 
Thinner films usually have higher 
amounts of disorder, making it 
difficult to isolate the 2D effects. 
To circumvent this limitation, 
Saito etal. induced charge car- 
riers on the surface of the 3D 
insulator ZrNCI. This approach 



produced a clean superconduct- 
ing layer thinner than the unit cell 
of the crystal. The superconduct- 
ing state was extremely sensitive 
to the application of a perpendic- 
ular magnetic field, as expected 
for clean systems. — JS 

Science, this issue p. 409 



QUANTUM OPTICS 

Probing the fluctuating 
vacuum 

According to quantum mechan- 
ics, a vacuum is not empty 
space. A consequence of the 
uncertainly principle is that par- 
ticles or energy can come into 
existence for a fleeting moment. 
Such vacuum or quantum 
fluctuations are known to exist, 
but evidence for them has been 
indirect. Riek et al. present an 
ultrafast optical based tech- 
nique that probes the vacuum 



fluctuation of electromagnetic 
radiation directly. — ISO 

Science, this issue p. 420 



MICROBIAL METABOLISM 

Methane cycling gets 
more diverse 

The production and consump- 
tion of methane by microorgan- 
isms play a major role in the 
global carbon cycle. Although 
these processes can occur 
in a range of environments, 
from animal guts to the deep 
ocean, these metabolisms are 
confined to the Archaea. Evans 
etal. used metagenomics to 
assemble two nearly complete 
archaeal genomes from deep m 

groundwater methanogens (see t 

the Perspective by Lloyd). The 1 

two reconstructed genomes < 

are members of the recently | 

described Bathyarchaeota £ 
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and not the phylum to which 
all previously known methane- 
metabolizing archaea belonged. 
-NW 

Science, this issue p. 434, 
see also p.384 



REPRODUCTIVE BIOLOGY 

Mouse work may lead to 
male contraceptive 

Unintended pregnancies are a 
major health issue worldwide. 
Although oral contraceptives 
were developed decades ago 
for use in women, there are no 
male oral contraceptives. Miyata 
et al. show that genetic deletion 
or drug inhibition of sperm- 
specific calcineurin enzymes in 
mice cause male sterility (see 
the Perspective by Castaneda 
and Matzuk). Although calci- 
neurin inhibitors resulted in 
male infertility within 2 weeks, 
fertility recovered 1 week after 
halting drug administration. 
Because the sperm-specific 
calcineuin complex is also found 
in humans, its inhibition may be 
a strategy for developing revers- 
ible male contraceptives. — BAP 

Science, this issue p. 442, 
see also p.385 



ASTEROSEISMOLOGY 

Stellar oscillations as 
magnetic probes 

Unlike magnetic fields on the 
surfaces of stars, those within 
a star have so far remained 
difficult to observe. Fuller et al. 
have developed a method of 
delving into the magnetic depths 
by exploiting the oscillations of 




Artistic representation of a magnetized 
red giant star 
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red giant stars. A high magnetic 
field can cause sound waves to 
become trapped within the cen- 
tral regions of the star, damping 
certain vibration modes. Using 
seismological techniques, this 
suppression can help infer the 
core magnetic field for several 
red giants. — KTS 

Science, this issue p. 423 



VASCULAR BIOLOGY 

Stopping aneurysms 
before they start 

The smooth muscle cells in 
aortas are connected to the 
extracellular matrix. Mutations 
in components of the extracellu- 
lar matrix, such as fibulin-4, can 
lead to the enlargement of the 
aortic lumen, otherwise known 
as an aneurysm. Yamashiro et al. 
found that mice lacking fibulin-4 
in smooth muscle cells had 
disrupted connections with the 
extracellular matrix. The mice 
also had abnormal increases in 
mechanosensitive proteins and 
enhanced activity of an actin 
cytoskeleton-remodeling 
enzyme called cofilin. Inhibiting 
the activity of cofilin or its 
upstream activators could there- 
fore prevent the development of 
aneurysms. — WW 

Sci. Signal. 8, ra!05(2015). 



BIOENGINEERING 

Drugs ride waves across 
tissue barriers 

Drugs that travel through the 
gastrointestinal (Gl) tract meet 
tissue barriers that limit their 
uptake and dilute potency. 
Schoellhammer etal. used a 
common handheld ultrasonic 
probe to temporarily disrupt the 
barriers, allowing drugs to pass. 
The ultrasonic waves drove drugs 
into pig colonic tissue faster than 
natural absorption, without dam- 
age to the tissue. The approach 
also encouraged drug delivery 
into mouse colon tissue, leading 
to the healing of acute colitis. 
Ultrasound-mediated drug deliv- 
ery may offer a versatile solution 
to barrier challenge in the Gl 
tract. -MLF 

Sci. Transl. Med. 7, 310ral68 (2015). 
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NANOMATERIALS 

A tough shell for 
nanoparticles 

Nanoparticles made from 
compound semiconductors 
such as cadmium sulfide (CdS) 
can exhibit useful luminescent 
properties but can also be 



Edited by Sacha Vignieri 
and Jesse Smith 



unstable with respect to ambi- 
ent air and humidity, especially 
under conditions of strong illu- 
mination. Li et al. show that the 
passivation of metals by form- 
ing self-protecting oxides can 
be extended to nanoparticles. 
They added aluminum isoprop- 
oxide to the reaction mixture 



LIGHT POLLUTION 

Stay away from the light 

W e live in a world flooded with light 24 hours a 

day. Before our recent harnessing of electricity, 
light was a reliable indicator of seasonal vari- 
ability in resources and many species evolved to 
take advantage of this signal. Robert et al. show 
that artificial light can alter these species physiological 
responses and desynchronize their seasonal reproduc- 
tion. Specifically, they found that nocturnal tammar 
wallabies that lived near a continuously lighted military 
base secreted less melatonin at night and that this 
delayed reproduction by nearly a month, as compared to 
animals living without artificial light nearby. Animals living 
near the base attempted to avoid lighted areas, but these 
results suggest that light pollution may have unavoidable 
physiological effects. — SNV 

Proc. R. Soc. London Ser. B 10.1098/rspb.2015.1745 (2015). 
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Exposure to continual light conditions 
delays reproduction in tammar wallabies 
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CLATHRIN ADAPTORS 

HIV proteins exploit 
clathrin coats 

Clathrin-coated vesicles are 
involved in the sorting of 
membrane and cargo at the 
trans-Golgi network. Clathrin 
coats exploit adaptor proteins, 
including AP-1 and AP-2, in 
selecting their cargoes, assisted 
by the small membrane- 
trafficking associated GTPase 
Arfl. Shen etal. were interested 
in how the HIV-1 Nef protein 
affected this process. They 
leveraged a structure solved in 
the presence of Nef to show that 
the AP-l:clathrin coat is far more 
intricately organized than previ- 
ously thought. Furthermore, 

Arfl played a central structural 
role in these coated vesicles. 

It seems that HIV-1 Nef hijacks 
the clathrin pathway to its own 
ends through very sophisticated 
structural perturbations. — SMH 

Science, this issue p. 398 

MAGNETIC RESONANCE 

EPR, one atom at a time 

Electron paramagnetic reso- 
nance (EPR) usually detects 
atoms with unpaired electrons 
as ensemble averages. Baumann 
etal. used a spin-polarized 
scanning tunneling microscope 
tip to measure EPR spectra of 
single iron atoms adsorbed on 
a magnesium oxide surface at 
cryogenic temperatures. The 
measurement depends on the 
atomic orbital symmetry; no 
signal was observed for cobalt 
atoms under the same condi- 
tions — PDS 

Science, this issue p. 417 



ENVIRONMENT 

Detectives of 
the nanoscale 

Many consumer products 
contain nanometer-sized 
components. Are these nano- 
materials harmful when they are 



released into the environment? 
As Valsami-Jones and Lynch 
explain in their Perspective, 
answers to this question are not 
easy to come by. Nanoparticles 
undergo drastic changes that 
are difficult to predict and that 
affect their uptake by biological 
systems, including the human 
body. A lack of consensus on 
laboratory protocols further 
impedes progress. Application 
of state-of-the-art techniques 
holds promise for clearer 
answers to emerge on whether 
engineered nanomaterials are 
safe to use. — JFU 

Science, this issue p. 388 



AUTOIMMUNITY 

An Aluring new 
autoantibody target 

Autoimmunity is the immune 
system’s ultimate act of betrayal. 
Cells designed to protect against 
invading microbes suddenly 
target the host instead. In the 
autoimmune disease systemic 
lupus erythematosus, antibodies 
target DNA and host proteins, 
including the RNA binding protein 
Ro60. Hung etal. discovered that 
Ro60 bound to endogenous Alu 
retroelements. They detected 
antibody-Ro60-Alu RNA immune 
complexes in the blood of 
individuals with lupus and an 
enrichment of Alu transcripts. 
Ro60 bound to Alu probably 
primes RNA-binding innate 
immune receptors within B 
cells, leading these cells to make 
antibodies that target Ro60-Alu 
RNA and drive disease-causing 
inflammation. — KLM 

Science, this issue p. 455 



TOPOLOGICAL MATTER 

Breaking chiral 
symmetry in a solid 

Dirac semimetals have gra- 
phene-like electronic structure, 
albeit in three rather than two 
dimensions. In a magnetic 



field, their Dirac cones split 
into two halves, one support- 
ing left-handed and the other 
right-handed fermions. If an 
electric field is applied paral- 
lel to the magnetic field, this 
“chiral" symmetry may break: 
a phenomenon called the 
chiral anomaly. Xiong et al. 
observed this anomaly in the 
Dirac semimetal Na 3 Bi (see 
the Perspective by Burkov). 
Transport measurements lead 
to the detection of the predicted 
large negative magnetoresis- 
tance, which appeared only 
when the two fields were nearly 
parallel to each other. — JS 

Science, this issue p. 413, 
see also p.378 



PLANT SCIENCE 

Metered rehydration in 
pollen grains 

When a desiccated pollen grain 
lands on fertile territory, it 
rehydrates on the way to activat- 
ing its growth and metabolic 
processes. Studying the small 
plant Arabidopsis, Hamilton etal. 
have identified a mechanosen- 
sory ion channel that responds 
to the distention of the plasma 
membrane as the pollen grain 
rehydrates. With this channel 
damaged or absent, the pollen 
grains germinated overenthu- 
siastically but then showed a 
tendency to burst. — PJH 

Science, this issue p. 438 



ROOT DEVELOPMENT 

Multifunctional 
root regulators 

The growing plant root under- 
goes a variety of developmental 
steps that determine thickness 
and branching as the roots 
elaborate. Moreno-Risueno etal. 
identify a suite of transcription 
factors, some of which mobilize 
between cells, that regulate 
shifting fates during root growth. 
The same set of transcription 



factors governs identity and 
proliferation of the stem cells 
as well as the fates of daughter 
cells. -PJH 

Science, this issue p. 426 

ALZHEIMER’S DISEASE 

Early signs of dementia 

There is currently no cure for 
Alzheimer’s disease. One of the 
reasons could be that interven- 
tions start too late, when there 
is already irreversible damage 
to the brain. Developing a 
biomarker that would help to 
effectively start therapy at very 
early stages of the disease is 
thus of high interest. Kunz et 
al. studied neural correlates of 
spatial navigation in the ento- 
rhinal cortex in control study 
participants and individuals at 
risk of developing Alzheimer’s. 
The at-risk group showed a 
different brain signal many 
decades before the onset of 
the disease, and they navigated 
differently in a virtual environ- 
ment. — PRS 

Science, this issue p. 430 



PROTEIN DYNAMICS 

Observing ultrafast 
myoglobin dynamics 

The oxygen-storage protein 
myoglobin was the first to have 
its three-dimensional structure 
determined and remains a 
workhorse for understanding 
how protein structure relates 
to function. Barends etal. used 
x-ray free-electron lasers with 
femtosecond short pulses to 
directly observe motions that 
occur within half a picosecond 
of CO dissociation (see the 
Perspective by Neutze). 
Combining the experiments with 
simulations shows that ultrafast 
motions of the heme couple to 
subpicosecond protein motions, 
which in turn couple to large- 
scale motions. — VV 

Science, this issue p. 445, 
see also p.381 
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and not the phylum to which 
all previously known methane- 
metabolizing archaea belonged. 
-NW 

Science, this issue p. 434, 
see also p.384 



REPRODUCTIVE BIOLOGY 

Mouse work may lead to 
male contraceptive 

Unintended pregnancies are a 
major health issue worldwide. 
Although oral contraceptives 
were developed decades ago 
for use in women, there are no 
male oral contraceptives. Miyata 
et al. show that genetic deletion 
or drug inhibition of sperm- 
specific calcineurin enzymes in 
mice cause male sterility (see 
the Perspective by Castaneda 
and Matzuk). Although calci- 
neurin inhibitors resulted in 
male infertility within 2 weeks, 
fertility recovered 1 week after 
halting drug administration. 
Because the sperm-specific 
calcineuin complex is also found 
in humans, its inhibition may be 
a strategy for developing revers- 
ible male contraceptives. — BAP 

Science, this issue p. 442, 
see also p.385 



ASTEROSEISMOLOGY 

Stellar oscillations as 
magnetic probes 

Unlike magnetic fields on the 
surfaces of stars, those within 
a star have so far remained 
difficult to observe. Fuller et al. 
have developed a method of 
delving into the magnetic depths 
by exploiting the oscillations of 




Artistic representation of a magnetized 
red giant star 
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red giant stars. A high magnetic 
field can cause sound waves to 
become trapped within the cen- 
tral regions of the star, damping 
certain vibration modes. Using 
seismological techniques, this 
suppression can help infer the 
core magnetic field for several 
red giants. — KTS 

Science, this issue p. 423 



VASCULAR BIOLOGY 

Stopping aneurysms 
before they start 

The smooth muscle cells in 
aortas are connected to the 
extracellular matrix. Mutations 
in components of the extracellu- 
lar matrix, such as fibulin-4, can 
lead to the enlargement of the 
aortic lumen, otherwise known 
as an aneurysm. Yamashiro et al. 
found that mice lacking fibulin-4 
in smooth muscle cells had 
disrupted connections with the 
extracellular matrix. The mice 
also had abnormal increases in 
mechanosensitive proteins and 
enhanced activity of an actin 
cytoskeleton-remodeling 
enzyme called cofilin. Inhibiting 
the activity of cofilin or its 
upstream activators could there- 
fore prevent the development of 
aneurysms. — WW 

Sci. Signal. 8, ra!05(2015). 



BIOENGINEERING 

Drugs ride waves across 
tissue barriers 

Drugs that travel through the 
gastrointestinal (Gl) tract meet 
tissue barriers that limit their 
uptake and dilute potency. 
Schoellhammer etal. used a 
common handheld ultrasonic 
probe to temporarily disrupt the 
barriers, allowing drugs to pass. 
The ultrasonic waves drove drugs 
into pig colonic tissue faster than 
natural absorption, without dam- 
age to the tissue. The approach 
also encouraged drug delivery 
into mouse colon tissue, leading 
to the healing of acute colitis. 
Ultrasound-mediated drug deliv- 
ery may offer a versatile solution 
to barrier challenge in the Gl 
tract. -MLF 

Sci. Transl. Med. 7, 310ral68 (2015). 



IN OTHER JOURNALS 



NANOMATERIALS 

A tough shell for 
nanoparticles 

Nanoparticles made from 
compound semiconductors 
such as cadmium sulfide (CdS) 
can exhibit useful luminescent 
properties but can also be 
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unstable with respect to ambi- 
ent air and humidity, especially 
under conditions of strong illu- 
mination. Li et al. show that the 
passivation of metals by form- 
ing self-protecting oxides can 
be extended to nanoparticles. 
They added aluminum isoprop- 
oxide to the reaction mixture 



LIGHT POLLUTION 

Stay away from the light 

W e live in a world flooded with light 24 hours a 

day. Before our recent harnessing of electricity, 
light was a reliable indicator of seasonal vari- 
ability in resources and many species evolved to 
take advantage of this signal. Robert et al. show 
that artificial light can alter these species physiological 
responses and desynchronize their seasonal reproduc- 
tion. Specifically, they found that nocturnal tammar 
wallabies that lived near a continuously lighted military 
base secreted less melatonin at night and that this 
delayed reproduction by nearly a month, as compared to 
animals living without artificial light nearby. Animals living 
near the base attempted to avoid lighted areas, but these 
results suggest that light pollution may have unavoidable 
physiological effects. — SNV 

Proc. R. Soc. London Ser. B 10.1098/rspb.2015.1745 (2015). 
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Exposure to continual light conditions 
delays reproduction in tammar wallabies 
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Zebrafish show that 
the microbiome varies 
due to experience 
as animals age 
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MICROBIOME 

Seeing through microbiome development 

T he transparent zebrafish is an ideal model for studying 
the codevelopment of the vertebrate gut and its micro- 
biome. Stephens etal. took a pair of zebrafish and kept 
about 250 of their offspring in identical conditions, from 
hatching until they died of old age. Despite high levels 
of replication, variation is the order of the day. Young fish are 
variably colonized with environmental organisms. As the fish 
continue to develop, distinct bacterial communities emerge at 
different life stages, driven by the changing morphology of the 
gut and diet. Ultimately, despite the general patterns, adult gut 
communities are as distinct from each other as they are from 
their environment. — CA 



for synthesizing particles 8 nm 
in diameter, with a cadmium 
selenide core and a CdS shell. 
The aluminum dopant was 
transformed into a protective 
aluminum oxide coating that 
greatly improved photoprotec- 
tion against blue light. — PDS 

J.Am. Chem. Soc. 10.1021/ 
jacs.5b05462 (2015). 



CELL RENEWAL 

Factor adjusts cell 
number in gut 

Cells read their environment to 
trigger an appropriate response 



ISME J. 10.1038/ismej. 2015. 140 (2015). 



for tissue homeostasis. Work 
now shows that intestinal 
progenitor cells use the RNA- 
binding protein Lin-28 to detect 
such a change and trigger insu- 
lin signaling as well as promote 



symmetric cell division to make 
full use of increased nutrient 
availability. Progenitor cells in 
the embryo and adult maintain 
their cell number by symmetric 
division but also generate 
specific cell types through 
asymmetric division. Lin-28 
functions in early development 
to ramp up cell number, but 
an adult role is less clear. 

Work by Chen etal identifies 
Lin-28 in the fly adult intestine 
as a factor controlling adult 
stem cell division, and it does 
so via the insulin-like receptor 
InR and independently of its 
well-known target Let-7. 

- BAP 

Development 10.1242/ 
dev,127951(2015). 



MINOR PLANETS 

What shape is the 
asteroid Juno? 

3 Juno was the third asteroid 
to be discovered. However, no 
spacecraft has ever been very 
close to it, so its shape and 
surface features have remained 
poorly understood. Viikinkoski 
etal. have produced a model 
of Juno’s shape by combining 
constraints from a full array 
of available data: optical light 
curves, near-infrared adaptive 
optics images, submillimeter 
interferometry, and the occupa- 
tions of background stars. 

They find that the asteroid 
has a distorted lozenge-like 
shape with evidence of concave 
features, suggesting impact 
craters. The shape appears 
to be intermediate between 
that of the lumpy irregular 
smaller bodies and the near- 
spherical larger asteroids. 

— KTS 



Astron. Astrophys. 581 , L3 (2015). 




Plausible reconstructed shapes of the asteroid Juno 
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TEAM BUILDING 

Lab management: 

Lessons over 35 years 

A principal investigator is assem- 
bling her lab team. Whom should 
she hire? With this question in 
mind, Conti and Liu collected 
annual reports from the MIT 
Department of Biology that identi- 
fied every principal investigator, 
postdoc, student, and lab techni- 
cian who worked there from 1966 
to 2000. They found that postdoc 
hiring drove a doubling in average 
lab size and in the number of 
publications per lab. The number 
of a lab’s “breakthrough” papers 
in Science, Nature, or Cell was also 
influenced by postdoc numbers 
but was limited to those who had 
secured external fellowships. The 
numbers of graduate students 
and technicians, neither of which 
influenced overall publication 
rates, affected breakthrough 
work. Although the amount of NIH 
funding influenced productivity, 
this effect was eliminated after 
controlling for lab size and compo- 
sition. — BW 

Res. Policy 44 , 1633 (2015). 



HEART DISEASE 

Patching up the 
injured heart 

During a heart attack, heart 
muscle is deprived of oxygen and 
nutrients and dies as a result. 
Because heart muscle cells, or 
cardio myocytes, have a limited 
capacity to divide, this damage 
is often permanent. Wei etal. 
describe an intervention that 
may help minimize the damage. 
Working with mice, they applied a 
collagen patch containing a protein 
called follistatin-like 1 to the heart 
immediately after a heart attack. 
Four weeks later, they saw signs 
of cardiomyocyte division, new 
blood vessel growth, and reduced 
scarring, which are consistent 
with heart muscle regeneration. 
Mysteriously, follistatin-like 1 has 
this beneficial activity only when 
it is synthesized by cells in the 
epicardium (a membrane layer 
surrounding the heart): myocar- 
dial-derived follistatin-like 1 was 
inactive. — PAK 

Nature 525 , 479 (2015). 
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CLATHRIN ADAPTORS 

HIV'-l Nef hijacks clathrin coats by 
stabilizing AP-l:Arfl polygons 

Qing-Tao Shen, Xuefeng Ren,* Rui Zhang,* Il-Hyung Lee, James H. Hurleyf 



INTRODUCTION: Clathrin-coated vesicles 
mediate endocytosis and sorting from the 
trans-Golgi network (TGN) and endosomes 
to lysosomes. Adaptor protein (AP) complexes 
such as AP-1 connect membrane proteins to 
clathrin. AP-1 needs to be “unlocked” by ac- 
tivators in order to bind cargo and clathrin. 
The small guanosine triphosphatase Arfl un- 
locks AP-1 at the TGN by coupling AP-l:Arfl 
dimerization to conformational changes. Major 
histocompatibility class I (MHC-I) proteins 
and the viral restriction factor tetherin are 
normally present on the cell surface. The vi- 
ruses HIV-1, HIV-2, and simian immunodefi- 
ciency virus (SIV) use their Nef proteins to 
hijack clathrin and AP-1 and thus redirect 
MHC-I and tetherin to lysosomes. 

RATIONALE: The down-regulatory functions 
of Nef are important for HIV-1 infectivity. Pre- 
vious structural studies of Nef and AP com- 
plexes revealed that Nef only binds to unlocked 
APs. We sought to determine whether Nef could 
potentiate the physiological unlocking mech- 
anisms in down-regulation of tetherin and 



MHC-I. We used Forster resonance energy 
transfer (FRET) to determine the conforma- 
tion of AP-1 complexes bound to Arfl, Nef, and 
cargo. To understand the mechanism by which 
Nef hijacks AP-1, we determined the structures 
of trimeric AP-l:Arfl:tetherin-Nef complexes by 
cryo-electron microscopy (cryo-EM) in active 
and inactive conformations. We predicted that 
the active AP-l:Arfl trimer could form hexagonal 
lattices, which we visualized directly. To study 
the function of the hexagons, we reconstituted 
clathrin cage formation in vitro and showed that 
mutations in the lattice contacts blocked Arfl- 
and Nef-promoted cage formation. 

RESULTS: In the presence of a tetherin-Nef 
fusion protein, AP-l:Arfl complexes became tri- 
meric. FRET analysis revealed that individual 
AP-1 complexes in the trimer were in the un- 
locked state. With the use of cryo-EM, we iden- 
tified two kinds of trimers: closed and open. The 
closed trimer yielded a 7 A reconstruction, which 
allowed docking of known atomic models of 
unlocked AP-1, Arfl, and Nef. The trimer is cen- 
tered on a trimeric Arfl interface. Although AP-1 



was unlocked, the closed trimer hides the mem- 
brane binding sites and is thus inactive. The 
open trimer was more mobile, and the structure 
was resolved to 17 A The open trimer preserved 
the Arfl. trimeric interface while exposing mem- 
brane binding sites. Dock- 
ing the open trimer with 
the known AP-1 Arfl dimer 
yielded a hexagonal model 
that matched the dimen- 
sions of clathrin. The hex- 
agons were visualized in 
AP-l:Arfl:MHC-I-Nef mixtures. Efficient clathrin 
cage assembly at neutral pH required Nef and 
intact Arfl dimer and trimer interfaces. 
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science. aac5137 



CONCLUSION: Although we set out to explain 
how HIV-1 Nef hijacked the AP-1 complex, we 
also found that the inner layer of the AP-1 
clathrin coat is far more intricately organized 
than anticipated. AP-1 and its Arfl binding sites 
are conserved throughout eukaryotes; thus, the 
organization of the inner layer is ancient. HIV-1 
has taken advantage of this complexity to sub- 
vert membrane traffic. The degree to which 
HIV-1 Nef can drive AP-1 hexagon formation 
seems to be coupled to its cargo preferences, 
as Nef recruits MHC-I more effectively than 
tetherin. Our findings elucidate the structured 
organization of the inner layer of clathrin coats 
that is conserved across eukaryotes, as well as 
the means by which HIV-1 uses Nef to subvert 
this structure. ■ 
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HIV-1 Nef, Arfl, and the hexagonal inner layer of an AP-1 clathrin coat. (Top) Cryo-EM reconstructions of closed (far left) and open (center left) 
trimers of tetherin-HIVT Nef fusion protein, Arfl, and the APT core. Combining the open trimer and known dimer structure leads to a hexagonal 
model (center right) that matches the dimensions of the clathrin coat (right). (Bottom) Concept for Nef-activated assembly of the AP-l-clathrin coat. 
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